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Abstract We have designed and developed a pulse com-
pressor with volume transmission holographic gratings to
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be implemented in post-compression experiments based on
filamentation in gases. Pulse compression down to 13 fs
has been demonstrated. The gratings have been recorded in
commercial PFG-04 dichromated gelatin emulsions with a
recording wavelength of 532 nm, attaining sufficient index
modulation to achieve high efficiency when they are illumi-
nated by an 800-nm laser.

1 Introduction

During the mid 1990s, post-compression techniques were
adapted to the mJ regime by means of the hollow-fiber sys-
tem [1]. This technique opened the path toward very short
laser pulses. Some years later, the filamentation process was
also applied to obtain few-cycle laser pulses [2]. In both
cases, nonlinearities in the propagation medium are used to
broaden the laser spectrum. In the case of filamentation, for
example, when a femtosecond laser beam (propagating in air
or other gases) is focused by a lens and the laser power ex-
ceeds the critical power, a balance between the Kerr effect,
which leads to beam focusing, and the defocusing effect due
to the plasma generated during the collapse of the beam
forms a filament of light [3–5]. In this process, the spectral
bandwidth of the laser pulses is increased due to all the non-
linear effects present during the propagation. Once a broad
spectrum has been obtained, it is possible to post-compress
the pulses after compensating their spectral phase. Typically,
this compensation is achieved by means of chirped mirrors
or prism compressors. In the present work, we study the pos-
sibility of compensating the GDD (group delay dispersion)
after the filamentation stage by using volume transmission
holographic gratings (VTHGs).

Other kinds of transmission gratings can be used to con-
struct compressors, especially to be implemented in chirped
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pulse amplification (CPA) configurations [6]. For example,
relief gratings recorded in fused silica with electron beams
or ion etching exhibit high performance and are commer-
cially available. We have chosen VTHGs because they can
be recorded in a conventional holography laboratory and
also because the gratings can be tailored with the suitable
spatial frequency and size for each application at low cost.

In previous works [7, 8], VTHGs have been used to de-
sign compressors to be implemented in CPA configurations,
in which a large compression factor is required, and conse-
quently gratings with high groove density. These gratings
can introduce a significant amount of angular dispersion
with high efficiency, but the drawback is the narrowing of
the bandwidth of the spectrum transmitted when the spatial
period decreases, which limits their use to pulses of tens of
femtoseconds.

However, in post-compression experiments, where large
compression factors are not required, the use of VHTGs al-
lows the design of compact and versatile compressors. In
this case, it is necessary to study how the chromatic selec-
tivity of the volume gratings might affect the compression
when they are used with pulses with broad spectrum.

Some of the materials that have been used successfully
to record volume gratings are dichromated gelatin (DCG)
emulsions, owing to their optical characteristics, such as a
high dynamic range of refractive-index modulation [9, 10], a
high diffraction efficiency (with values close to 100%), low
scattering, low absorption, and high resolution [11]. Since
DCGs’ plates have a high damage threshold, they can be
used with high-energy pulses [8]. Currently, there are com-
mercial DCG plates available, manufactured by the Slavich
Company and commercialized as PFG-04 [12]. The values
of index modulation that can be reached in this emulsion are
sufficient to record volume transmission gratings with high
efficiency when the wavelength of reconstruction is 800 nm.
Accordingly, they can be used with a femtosecond Ti:Sa
laser source [13].

Here we have designed and developed compressors with
two VTHGs recorded on Slavich PFG-04 plates. With these
commercial emulsions, it is possible to record multiple repli-
cas of tailored gratings at low cost. These compressors were
designed to work in post-compression experiments involv-
ing two femtosecond laser systems: a CPA laser from Spec-
tra Physics (Spitfire Ti:Sa laser, 10 Hz, 10-nm bandwidth
centered at 795 nm) and a CPA laser from Amplitude Tech-
nologies (10 Hz, 55-nm bandwidth centered at 805 nm).

The structure of this paper is as follows. In Sect. 2 we
report some tests of the volume grating compressor with
pulses before the post-compression step in order to study
the bandwidth limitation of the gratings and how to im-
prove it. In Sect. 3 we focus on the post-compression setup
and the broadened spectra, designing some specific new vol-
ume holograms able to work under those conditions and pre-

senting the compression results obtained. Finally, we end in
Sect. 4 with the conclusions.

2 Design and characterization of the pulse compressor

The compressors developed here were used to compress
pulses whose spectra were around 800 nm, such that the
gratings had to be highly efficient at this wavelength. In
a previous work [13], we characterized the Slavich PFG-
04 dichromated gelatin emulsions, recording gratings with
a laser source emitting in the green spectral region (λ =
532 nm), where they have enough sensitivity without sen-
sitizing dyes. The dynamic range of the emulsion allowed
us to record highly efficient gratings when they were illu-
minated at a wavelength different from the one used in the
recording, for instance at 800 nm. The emulsion is coated on
a glass substrate 2.5-mm thick and it is necessary to seal the
grating after the processing step with a glass plate (we have
used one of 1.6-mm thickness).

In order to assess the usefulness of VTHGs in ultra-high-
power pulse compressors, the damage threshold of the emul-
sion under femtosecond pulse exposure must be character-
ized. The measurement of this threshold is very difficult
provided that it depends strongly on irradiation conditions
such as the pulse duration or the beam size, and no standard
procedure exists so far. As a first approach, we have deter-
mined the ablation threshold of the emulsion when exposed
to 120-fs pulses (795-nm central wavelength) focused with a
f = 100 mm lens (spot diameter at the focus was 11.3 µm).
We followed the technique described in [14] and the val-
ues obtained were 0.74 J/cm2 for single-pulse ablation and
0.34 J/cm2 for 100-pulse ablation. This decrease in the ab-
lation threshold with increasing number of pulses is related
to incubation effects at the sample [15]. Although no dam-
age was evident at the surroundings of the ablation craters,
it is expected to appear when using large-area beams due to
the presence of surface defects that will also result in the de-
crease of the ablation threshold [16]. Due to the similarities
found in the ablation threshold and optical behavior between
this material and some photoresists, it is reasonable to as-
sume similar damage thresholds for large-beam irradiation.
In particular, for a 120-fs pulsed beam with radius 3.5 mm
(similar to one of those used in the compression experiments
presented here), no damage was observed up to a pulse en-
ergy of 5 mJ (0.013 J/cm2 peak fluence) [17]. All the tests
of the VTHG compressor were done with fluences under this
value to ensure safe operation.

To develop the VTHG compressor, two diffraction grat-
ings were recorded by interference of two beams forming
an angle of 22° in a symmetric configuration (unslanted
gratings). The grating frequency was 730 lines/mm. Fig-
ure 1 shows the zero-order efficiency curve (s polarization)
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vs. the reconstruction angle when the reconstruction wave-
length was 800 nm. In that figure, the reflection losses have
been taken into account. The minima obtained at 17° cor-
respond to the Bragg angle for λ = 800 nm. The relative
efficiency is around 95% (note that minima do not reach
the zero value) and the absolute efficiency is around 73%.
The Fresnel losses on both sides of each grating are 8%.
We have measured absorption and scattering losses in glass
of 12%. From these data and the maximum value of the zero-
order efficiency (Fig. 1), absorption and scattering losses of
around 2% in the emulsion layer are estimated.

The grating compressor employs a similar scheme to
that introduced by Treacy with reflection gratings [18]. The
scheme of the pulse compressor composed of two identi-
cal volume transmission holographic gratings is shown in
Fig. 2a.

The output pulse duration, τ2, and the transform-limited
pulse duration, τ0, are related by the chirp coefficient, b, in-

Fig. 1 Zero-order efficiency curve vs. reconstruction angle of a grating
recorded with 532 nm and illuminated with an 800-nm laser source.
Reflection losses are taken into account

troduced by the compressor, as can be seen in (1), where
bmin is the chirp coefficient when τ2 = τ0 [19].

τ2 = τ0

√
1 + (b − bmin)2

τ 4
0

. (1)

The coefficient b (please note that b = 2×GDD, GDD being
the group delay dispersion) that characterizes the compres-
sor is given by the following expression [19]:

b = Ψ ′′

2π2
= − 2λ0d

πc2 cos θ0

λ2
0

Λ2 − (λ0/2)2
, (2)

where λ0 is the central wavelength; d is the distance between
the gratings; θ0 is the angle of the reconstructed wave at λ0,
and Λ is the period of the gratings. Figure 2b shows a pho-
tograph of the compressor. Both gratings must be oriented
to work at the Bragg angle to achieve maximum efficiency
at 800 nm. The second grating and the mirrors are mounted
on a translation stage, such that the distance d can be varied
from 3 to 53 mm. The value of the chirp coefficient b in this
configuration varies from −6500 to −114000 fs2. Due to the
glass used to seal both gratings, it is not possible to join them
completely to obtain b = 0. Additionally, the glass substrate
and the sealing glass of each grating (4 mm) introduce a
positive chirp. The dependence of the chirp coefficient in a
dispersive material, bg , with wavelength λ is given by the
following equation [19]:

bg = λ3
0

πc2
0

d2n(λ)

dλ2
z, (3)

where z is the propagation length of the pulse inside the dis-
persive material. Using the Sellmeier equation and coeffi-
cients [20], the chirp coefficient of glass at the output of the
compressor can be estimated as 1500 fs2. The compressor
must compensate this chirp by increasing the distance d .

Even though the relative efficiency of each grating was
higher than 90%, the overall efficiency of the compressor

Fig. 2 (a) Scheme of the
compressor: G1 and G2 are the
volume holographic
transmission gratings; M is a
periscope, (b) photograph of the
compressor setup
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Fig. 3 Temporal width of pulses at the compressor output as a function
of the distance between gratings for an input pulse duration of 580 fs.
Squares: experimental results measured with a single-shot autocorrela-
tor, solid line: theoretical curve taking into account the dispersion due
to glass

was around 30%, because of the additional losses (reflec-
tion, absorption, and scattering) previously commented on.
This value could be made higher (more than 50%) with an
antireflection coating on both sides of each grating and min-
imizing the losses on the glass by choosing a sealing glass
with low absorption and scattering at 800 nm. Since we were
working with commercial emulsions, there was no possibil-
ity of changing the glass support.

In order to test our compressor, we used a 100-fs, 795-nm
Ti:Sa laser (Spectra Physics Spitfire), modifying the grat-
ing distance of the CPA compressor to obtain 580-fs chirped
pulses. We measured the temporal width of these pulses at
the output of our VTHG compressor as a function of the
grating distance by means of a single-shot autocorrelator,
assuming a Gaussian pulse profile. The results are shown in
Fig. 3, together with the theoretical curve, taking into ac-
count the dispersion due to the glass. The minimum auto-
correlation full width at half maximum (FWHM) obtained
was 150 ± 10 fs, which corresponds to an almost Fourier-
transform-limited pulse of around 106 fs (assuming a Gaus-
sian pulse shape).

One disadvantage of using volume holographic gratings
is the chromatic selectivity. The maximum efficiency of each
grating is obtained for a given wavelength (in our case,
800 nm), but it declines as the wavelength varies. In Fig. 4
we show the curve of the spectral transmittance at the out-
put of the compressor vs. the incident wavelength when the
incident light is a white light source. It is possible to note
the chromatic selectivity due to the volume gratings, which
can distort the output pulse shape and limit the minimum
pulse duration that can be obtained with the compressor. As
shown in Fig. 4, the FWHM measured with a spectrome-

Fig. 4 Intensity at the output of the compressor vs. wavelength curve
(gratings of 730 lines/mm) when the incident light is a white light
source. The highlighted region of the curve corresponds to the 10-nm
spectral bandwidth of the Spectra Physics laser pulses used in the char-
acterization of the compressor (red) and the 55-nm spectral bandwidth
of the Amplitude Technologies laser pulses (green)

ter was 70 nm. The chromatic selectivity did not affect the
pulses in the case of those used to test the compressor, since
the efficiency of the gratings remained constant in the 10-nm
spectral bandwidth of the pulses.

In order to test whether chromatic selectivity might al-
ter the shape or the pulse duration in the case of larger-
bandwidth pulses, we repeated the previous measurements
but this time with 38-fs pulses (delivered by a CPA laser
from Amplitude Technologies) of 55-nm bandwidth cen-
tered at 805 nm. Therefore, we pre-chirped the pulses posi-
tively by means of the CPA compressor and used the volume
holographic grating compressor to achieve full compres-
sion. Figure 5 shows the pulse spectra and the correspond-
ing phases of the chirp-compensated original pulse and the
output of our compressor when compensating a pre-chirped
pulse. Figure 6 shows the intensity in the time domain of the
original pulse and the output of our compressor compensat-
ing the pre-chirped pulse, measured with SPIDER (Spec-
tral Phase Interferometry for Direct Electric-field Recon-
struction) [21]. As can be seen, the FWHM was not sig-
nificantly distorted by the chromatic selectivity of the vol-
ume gratings, obtaining a 42-fs pulse, although the VTHG
compressor introduces a higher-order dispersion which al-
ters slightly the pulse shape and increases the satellite pulse
structure.

Although the compression of the 38-fs pulses was suc-
cessful, the compressor bandwidth will hinder the com-
pression of shorter pulses. For this purpose, it was nec-
essary to address the spectral selectivity of the volume
holograms, as we will comment on in the following sec-
tion.
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Fig. 5 Power spectra and spectral phases of the original 55-nm broad-
band pulses (dashed lines) and the pulses compressed by the VTHG
compressor after being positively chirped (solid lines)

Fig. 6 Intensity in the time domain: original pulses (dashed line) and
pulses compressed by the VTHG compressor after being positively
chirped (solid line), measured with SPIDER

3 Adaptation of the compressor for broadband spectra.
Application to pulses coming from the filamentation
process

We have previously reported that the compressor can be used
to compensate the GDD of high-intensity laser pulses down
to 38 fs. In this part of our work, the compressor was imple-
mented for a specific application: to achieve shorter pulses
by post-compression based on filamentation in gases. The
role of the VTHG compressor consists of compensating the
GDD of the pulse after the filamentation process.

The spectral bandwidth of pulses obtained after filamen-
tation in air or in other gases is usually broad, due to self-
phase modulation (SPM), and therefore allows the possibil-
ity of a further compression of the pulses. Thus, the chro-
matic selectivity of the gratings can affect the shape or du-
ration of the compressed pulse and it was necessary to re-

Fig. 7 Intensity at the output of the compressor vs. wavelength curve
(gratings of 330 lines/mm) when the incident light is a white light
source

duce it in order to obtain a VTHG compressor suitable for
our purposes. As is well known [22], the chromatic selec-
tivity of a volume phase hologram depends on the thick-
ness of the emulsion and the grating period. Since the thick-
ness of the PFG-04 emulsion is provided by the manufac-
turer, the grating spatial frequency must be decreased in or-
der to decrease the chromatic selectivity. As the thickness
of the emulsion is 30 µm, gratings down to 330 lines/mm
can be recorded, keeping the volume regime. This value
marks a limit, since lower spatial frequencies lead to a non-
volume condition and hence the efficiency of the gratings
decreases.

Additionally, reducing the spatial frequency of the grat-
ings leads to a smaller compression factor, and therefore
the distance between gratings must be increased in order
to obtain the same GDD correction. Fortunately, in post-
compression setups the amount of second-order dispersion
to be compensated is not too large (within the range of
some hundreds or a few thousands of fs2), so the distances
between the gratings do not have to be long (a few cen-
timeters). A new compressor was constructed using these
330 lines/mm gratings, permitting the higher spectral band-
width of the VTHG setup but remaining within the volume
hologram condition. In this case, the FWHM spectral trans-
mission at the compressor output would be around 225 nm,
as shown in Fig. 7. The filament is generated by focusing the
55-nm bandwidth laser beam with a lens (focal length 1.5 m)
in a tube containing nitrogen at 2.5 bar. Chirped pulses with
broadband spectra were obtained at the output of the fila-
mentation stage. Those spectra presented typically a major
component, ranging from 650 to 850 nm, and a lower but
broad pedestal covering the visible range, with values as low
as 350 nm being achieved.

Figure 8 shows the spectrum of the pulses before and af-
ter their passage through the compressor. The spectrum at
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Fig. 8 Spectrum of the pulses generated by filamentation in nitrogen:
at the input (dashed line) and output (solid line) of the compressor

the output of the compressor shows that the chromatic se-
lectivity of the gratings affected the shape of the input spec-
trum, presenting important losses below 700 nm. On the
other hand, the major component of the spectrum (from 650
to 850 nm) remained almost unchanged. This new spec-
trum at the compressor output corresponded to a Fourier-
transform-limited pulse with a duration of 7.8 fs.

In order to measure the pulse duration and retrieve the
pulse shape at the output of the compressor, we used a SPI-
DER device. Since our pulse reconstruction system allowed
us to retrieve pulses down to 10 fs (FWHM) and a spectral
range between 700 and 900 nm, we were not able to recon-
struct the pulses with such a spectrum as the one presented
in Fig. 8. In order to know the effect of the VTHG com-
pressor on the spectral phase over the 700–900 nm range,
we have worked in conditions where the broadened spec-
trum was within the mentioned range. We adapted the fila-
mentation compression conditions in order to obtain output
pulses within this duration range. Thus, 12.75-fs pulses were
measured, while the Fourier-transform limit was around
12 fs.

In Fig. 9 we show the intensity profile (solid line) and
the temporal phase of the compressed pulse (dashed line). It
can be deduced from the spectral phase variations that some
third- and higher-order dispersion remained uncompensated
at the output. This is probably due to the grating compressor
characteristics, for example, the angle of the gratings, and
the nonlinear process during the filamentation, that usually
introduce third- and higher-order dispersion creating satel-
lite pulse structures [2, 23].

In summary, the VTHG compressor can be applied to
post-compression setups, attaining pulses around 12 fs.

Fig. 9 SPIDER measurements of the temporal profile of the pulses
obtained by filamentation at the output of the compressor (solid line)
and its temporal phase (dashed line)

4 Conclusions

We have developed a volume holographic grating compres-
sor for the compensation of the GDD for second-order dis-
persion in experiments of post-compression based on fila-
mentation in gases, obtaining pulses of 12.75 fs, starting
out from pulses of 38 fs. The spectral transmission sug-
gests that this kind of compressor may operate under sub-
10-fs conditions. The compressor was composed of two vol-
ume holographic transmission gratings recorded in commer-
cial dichromated gelatin emulsions (Slavich PFG-04). These
emulsions allowed us to record gratings with an appropri-
ate index modulation value to operate with high efficiency
at 800 nm. The damage threshold of the plates enables their
use with ultra-intense laser pulses. In this case, it is very use-
ful to record the gratings with a suitable spatial frequency in
order to minimize the chromatic selectivity typical of vol-
ume gratings.

The use of commercial dichromated gelatin emulsions
provides an economical way to record volume gratings with
sizes up to 60 mm. It is possible to record them with a spa-
tial frequency and a maximum efficiency wavelength suit-
able for each experiment. Although the overall efficiency of
the compressor was 30%, it could be increased to more than
50% with an antireflection coating on both sides of each
plate and by choosing a sealing glass with low absorption
at 800 nm.
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