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Abstract: A novel design of a grating-based optical pulse compressor is proposed. The
proposed compressor provides a large group delay dispersion while keeping the compressor
linear size small. The design of the proposed compressor is based on a traditional Treacy
compressor with a straightforward modification of inserting two lenses between the compressor’s
gratings. This simple alternation aims to substantially increase group delay dispersion of the
compressor or alternatively to decrease the compressor size while maintaining its group delay
dispersion. A theoretical description of the enhanced compressor has been developed in the
paraxial approximation. A detailed numerical model has been built to calculate the compressor
parameters more accurately. These theoretical studies have revealed that the enhanced optical
compressor provides a significant increase in the group delay dispersion compared to a standard
Treacy compressor.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In laser amplifiers for ultra-short pulses, the peak optical powers become very high, so nonlinear
pulse distortion or destruction of some optical components might occur. Chirped pulse
amplification (CPA) is a common technique to circumvent this problem. CPA for lasers was
invented in the mid-1980s, [1] and awarded the Nobel Prize in Physics in 2018. CPA is
routinely used in high peak power lasers. Ultrafast high power lasers have numerous applications
such as high-precision material machining including drilling, cutting, and surface processing
[2–6], medical applications, in particular, ophthalmic surgery [7,8], military applications like
countermeasures or direct energy weapon [9–11].

Peak powers of 10 TW and above have been reported [12,13]. Currently, laser systems
delivering peak power of Terrawatts-level can operate in the laboratory environment only due to
their size, weight, and frequent need for maintenance [14–17]. However, high peak power laser
systems would be interested in a number of applications outside laboratory environments such as
manufacturing and defense [11,16,18–20].

In the CPA technique, low-power short pulses are passed through a stretcher i. e. optical
element with a positive spectral dispersion so that the pulses are temporally stretched prior to
amplification. The stretched pulses can be safely amplified without damaging the amplifier
material while the peak power significantly reduced. After the amplification, the original pulse
width is recovered by passing the pulses through the compressor, which cancels the positive
dispersion of the stretcher by providing the dispersion equal in amplitude but opposite in sign.
The pulse compressor is based on a concept introduced by Treacy in 1969. The Teacy’s concept
relies on the grating pair that provide large values of the negative dispersion.

Currently, available peak powers are limited by the optical damage of the amplifier material.
The optical damage can be alleviated by stretching the pulses to a longer duration. Significant
difficulties are posed by the available diffraction gratings. First, it is difficult to fabricate gratings
with large sizes that are uniformly ruled over large areas. This imposes a limit on the peak
powers and pulse duration achievable through the use of conventional compressors. Second,
large dispersion compressors imply a large distance between the compressor’s elements. This
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limits the size of the laser system and makes their use unpractical outside of labs, especially on
moving vehicles.

The linear size of the optical compressor can be significantly reduced by folding the beam path
using retrospective prisms [21] or by integrating diffraction gratings onto opposite surfaces of a
solid fused silica block [22]. While Yang and Towe [22] design offers an elegant idea that may
be difficult to manufacture. Further, their design implies propagation of the laser pulse inside of
the media for a significant distance that might cause spectral distortions or optical damage. The
design proposed by Lai [21] is easily achievable, and can be further improved using grism [23].
However, the design presented by Lai doesn’t address the problem of a long optical path. In a
way the design described in [21] trades a linear size of compressor to several reflective optical
elements, thus such an optical compressor remains bulky and sensitive to vibrations.

The present work focuses on reducing the required optical path by enhancing the dispersion of
the compressor. In this work, group delay dispersion of the compressor is substantially enhanced
by two cylindrical lenses placed between the compressor’s gratings. The theoretical study below
demonstrates a notable advantage of such a compressor compared to the more standard design.

2. Description and theory of the treacy grating compressor

The basic sketch of the traditional Treacy grating compressor [24] is shown in Fig.1(a). It
comprises two parallel diffraction gratings, with their working surfaces facing one another and
their lines parallel to each other. When a beam is an incident on the first grating of the compressor
(A), its spectral components of the incoming beam are diffracted at different angles. In a sense,
the grating acts as a convex mirror or a negative lens in the case of a transmission grating. After
the reflection, the different spectral components of the beam become spatially separated. After the
reflection from the second grating (B), the beam becomes again collimated. At the output of the
grating pair, the beam is spatially incoherent. This can be solved by a 2nd identical gratings pair
or more practically by retro-reflecting the light back into original the grating pair by a mirror (C).
Additionally, that generates double the amount of negative dispersion. Ultimately the different
spectral components have different, frequency-dependent optical paths. This path difference
creates a negative dispersion, which is needed for the re-compression of previously stretched
pulses. The group delay dispersion (GDD) of the Treacy compressor is written in Eq. (1).

φ′′ = −
Gλ3

2πc2d2 cos3 β
, (1)

here G is the slant (perpendicular) distance between the gratings, β is the reflection angle from
the grating, d is the grating constant, and c is the speed of light. The reflection angle β can be
found in Eq. (2) as

cosβ =
√︁

1 − (sinα − λ/d)2, (2)

here α is the incident angle of the incoming beam to the 1st grating.
The dispersion provided by the traditional Treacy compressor φ′′ is a function of gratings

period d, the beam incidence angle α, and distance in the compressor G. Unfortunately, increasing
the compressor’s dispersion using the first two parameters is problematic. The gratings period
can not be arbitrarily small because of manufacturing constraints, and the incidence angle is
usually chosen to maximize power efficiency. Larger negative dispersion in grating compressors
can be achieved by increasing the distance between the gratings. For moderate pulse duration
with several hundreds of picoseconds, a typical compressor length is in order of tenth centimeters.
However, if one has to stretch the pulse to the duration of 1 nsec or above, propagation distances
beyond a meter are required. As a simple yet practical example, we consider a pulse with a
Fourier limited width of 500 fsec (FWHM), which corresponds to the wavelength spread of ∆λ
=3.1 nm (FWHM) at the central wavelength of 1030 nm. The wavelength of 1030 nm is chosen
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because it is the optimal wavelength of Yb:YAG lasers that are a popular choice for high-power
ultrafast lasers. The pulse is stretched to a temporal width of 1 nsec, using chirped fiber Bragg
grating (CFBG) with the second-order group velocity dispersion of 180 ps2. The non-linear
effects are neglected assuming strong pulse stretching keeps the B-integral values small. In order
to compress the pulse, the grating compressor has to have the dispersion of the opposite sign
and equal amplitude. If for example, one uses the commercially available transmission grating
T − 1702 − 1030 from Lightsmyth, with a groove density 1702.13 mm−1, and the incidence
angle of 61.2◦, the required grating separation G would be 1.8 meters in double-pass grating
pair compressor in Treacy configuration. This is an impractically long optical path, that makes
the compressor, and hence the laser system, heavy, bulky, sensitive to vibrations, and overall
unusable.

3. Description of the compact grating compressor

The path differences for different spectral components can be significantly increased by modifying
the traditional Treacy compressor design as shown in Fig. 1(b). The spectral chirp of the beam
reflected by 1st grating (A) can be further enhanced by a negative cylindrical lens (L1) placed
between 1st and 2nd gratings. The L1 is placed at a position where the beam is already spatially
chirped, thus, it selectively addresses different spectral components of the beam, enhancing the
propagation path for ’red’, while decreasing it for the ’blue’ spectral components. Further, the
effect of the lens L1 on the beam divergence is compensated by a positive lens (L2) that recovers
the beam divergence to its value prior to the lens L1. The lenses L1 and L2 are positioned in the
manner that the beam peak intensity and hence the central wavelength passes through the center
of both of them.

Analytical estimations have been performed assuming a small angular divergence of the beam
reflected from the 1st grating, i.e. in paraxial approximation. Figure 2 provides a more detailed
scheme of the proposed grating compressor. The transmission gratings are used for a practical
example because of their high diffraction efficiencies. Propagation of two spectral components is
considered and noted as a trial and a reference beam. The reference beam propagates through the
center of the lenses L1 and L2, hence its propagation path is not altered. For the practical reason
of avoiding optical aberrations, the reference beam should correspond to a spectral component of
a central wavelength of the compressed beam. The trial spectral components propagate off the
center of L1 and L2 hence its propagation direction changes so its optical path. In Fig. 2, x1, x2
and x3 are the distances between the 1st diffraction grating and the lens L1, lenses L1 and L2, and
the lens L2 and 2nd diffracting grating correspondingly ( x1 = AH1, x2 = H1F1 and x3 = F1B
). G1, G2 and G3 are the projection of the distances x1, x2 and x3 on the axis perpendicular to
the 1st and 2nd gratings. The three projections combined are equal to the total slant distance
between gratings, G1 + G2 + G3 = G, where G = DB1.

The original Treacy paper [24] describes a straightforward and intuitive path for calculating
the GDD that has been directly applied to the enhance compressor. As it was shown there, the
GDD can be written as in Eq. (3).

φ′′ =
d2φ

dω2 =
1
c

dp
dβ

dβ
dω

, (3)

where p is the optical path, and ω is the frequency. First term dβ/dω read as Eq. (4).

dβ
dω
=

2πc
ω2d cos β

. (4)

To find dp/dβ the optical path AB2C2 was spitted in three parts: before L1 (G1), in between
L1 and L2 (G2), and after L2 (G3). Assuming that the L2 recovered the initial propagation
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Fig. 1. (a) the Treacy grating compressor, (b) the enhanced grating compressor.

angle before L1 i.e. δ = β the problem is identical to the standard Treacy compressor for the
first and third parts. Their pass p can written as p = (G1 + G3) · [1 + cos(α + β)]/cos(β), one
straightforwardly gets dp1

dβ as shown in Eq. (5).

dp1
dβ
= −

G1λ

d cos2 β
. (5)

The 2nd part of the optical path (i.e. after L1, before L2), is affected by the negative length L1.
The angle between the grating and a spectral component propagation changes, the new angle
is noted as γ. The variation of the optical path as a function of the angles γ, β, and hence the
wavelength λ leads to modification of the GDD of the compressor. Because the optical path after
the lens L1 doesn’t depend directly on the angle β, but only indirectly through the angle γ, which
is the function of β. One can write Eq. (6).

dp2
dβ
=

dp2
dγ

dγ
dβ

, (6)

here p2 is the optical path between the lenses L1 and L2 (H2F2).
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Fig. 2. Propagation of the reference and trial beams. The reference spectral component
reflects from the 1st grating at the angle β0 and propagates through the points AH1F1B1C1
through the center of both lenses. The trial spectral component reflects from the 1st grating
at the angle β propagates through the points AH2F2B2C2.

The calculation of the derivative dp2
dγ is analogous to the calculations of dp2

dβ .
The offset of the trial spectral component on the lens L1 is H1H2 = x1 tan(β − β0), where

the β and β0 are the reflection angles from the 1st grating for the trial and reference beams
correspondingly. Using the Ray transfer matrix analysis (ABCD matrix formalism) [25] the
expression for the angle γ in Eq. (7) has been obtained, where the γ is the angle between the
spectral component and the gratings.

γ = β +
G1 tan(β − β0)

f1 cos β0
, (7)

where f1 is the focal distance of the lens L1. Please, note that the angle β is the function of the
spectral component wavelength. Eq. (7) is an approximation assuming small angles between
spectral components and the lens axis.

Assembling the Eqs. (5–7) and performing derivative dγ
dβ the expression for the derivative dp2

dβ
is derived.

dp2
dβ
= −

G2(sinα − sin γ)
cos2 γ

(︃
1 +

G1 sec2(β − β0)

f1 cos β0

)︃
, (8)
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Overall expression for the GDD of the modified compressor is written in Eq. (9).

φ′′ = −
λ2

2πc2d cos β

[︃
(G1 + G3)λ

d cos2 β
+

G2(sinα − sin γ)
cos2 γ

(︃
1 +

G1 sec2(β − β0)

f1 cos β0

)︃]︃
, (9)

here the angle γ is the function from angles β and β0 as shown in Eq. (7), while the angles β and
β0 are the function of the incidence angle α (Eq. (2)). Eq. (9) provides a theoretical description
of GDD based on input parameters, such as the incidence angle, the wavelength, the grating
period, geometrical distances, and the focal distance of the lens L1. Note, that Eq. (9) presents
single-pass GDD, in the case of the 2nd pass provided by retro-reflection the results should be
multiplied by 2. The expression above is rather complicated, but one can get some intuitive
understanding assuming β ≈ β0. In this case, the optical path isn’t altered significantly by the
lens L1, however, this doesn’t mean that its derivative vs. ω isn’t altered significantly and hence,
the GDD. If β ≈ β0 the second term in Eq. (7) is small compared to the first one, in this case,
β ≈ γ. Based on these assumptions Eq. (9) can be simplified to Eq. (10).

φ′′ = −
λ3

2πc2d2 cos3 β

[︃
G1 + G3 + G2

(︃
1 +

G1
f1 cos β

)︃]︃
. (10)

Based on Eq. (10) one can make some preliminary conclusions and estimate the parameters
giving the highest GDD. The G3 should be kept as small as physically possible since it doesn’t
contribute to the enhancement of GDD while placing L1 in the middle between the 1st grating
and L2 (G1 = G2) provides the maximum dispersion. This is a compromise between the necessity
to have the beam spatially chirped in the direction perpendicular to the beam propagation and
enough propagation length to benefit from this enhanced chirp. The focal length f1 should be as
short as possible and limited mostly by manufacturing considerations and geometrical constraints.
The dependence of the GDD on other parameters such d, λ, and β is similar to the standard
Treacy compressor.

I made estimations of the performance of the enhanced compressor based on Eq. (10). The
considered parameters are identical to the parameters in the Section 2: the λ=1030 nm, the
wavelength spread of ∆λ =3.1 nm (FWHM), the grating period 1/d = 1702 per mm, α = 61.2◦.
The angle spread of the reflected beam is 0.6◦. I assume the L1 is positioned in the middle
between the gratings, and the distance the G3 is small (i.e. G3 ≪ G1, G2). Assuming the slant
distance between gratings G equals 1 m and the focal distance f1 of L1 equals −0.1 m, one
calculates that the pair of lenses L1 and L2 lead to a significant increase in the GDD of the
compressor by a factor of 6.2. Such an increase in the GDD allows the achievement of higher
peak powers by alleviating the risk of optical damage.

4. Numerical simulations

To go beyond the assumptions of the previous section the numerical model was developed based
on MATLAB software. The model calculates the optical path depending on the wavelength, then
the model calculated changes of the optical path versus small variation of the angle β, basically
numerically calculating the derivative dp/dβ. Such calculations directly provide the dependence
of the GDD versus wavelength. These calculations are performed for 500 wavelengths in the
range between 1025 and 1035 nm, thus yielding a GDD versus the wavelength curve that can
be compared with a GDD versus the wavelength curve for a Treacy compressor with similar
parameters.

The key task addressed by the numerical model is the calculation of the angles γ and δ beyond
the ABCD matrix expression used for Eq. (7). In the general case, the angles γ and δ depend on
the specific shape of the lens. I assume the pair of fused-silica plano-concave and plano-convex
lenses were employed for L1 and L2. The lenses L1 and L2 are positioned in the way that the
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1030 nm spectral component passes through the center of both lenses at the right incidence
angle thus experiencing no angle change. After passing through the plano-concave lens a beam
propagation angle of φin changes to an angle φout that can be written as shown in Eq. (11).

φout = arcsin
{︃
n × sin

⟨︃
arcsin

[︃
φin + arcsin(y/R)

n

]︃
− arcsin(y/R)

⟩︃}︃
(11)

here R is the curvature radius of the lens, n is the refractive index of the lens material and y is the
displacement from the entrance of the lens.

Further, the numerical model addresses the finite (non-zero ) thickness of the lenses L1 and L2.
First, I calculate the angles of β, γ, and δ depending on the wavelength shown in Fig. 3.

The angles γ are calculated based on the theory Eq. (7) and the numerical model. All curves
are calculated for same parameters as before: λ=1030 nm, ∆λ =3.1 nm, 1/d=1702 per mm,
α = 61.2◦, G=1 m, G1=0.5 m, G2=0.4 m and G3=0.1 m. The L1 and L2 lenses are centered
on a 1030 nm spectral component and have the focal distances of f1 =-0.1 and f2 =0.5 m
correspondingly. As one can see Eq. (7) provides a good approximation in the wavelength range
close to the central λ0 = 1030 nm because the spectral components of the beam are passing
near the center of lenses L1 and L2. The output angle δ theoretically should well coincide
with the original angle β assuming that the focal distance f2 is chosen correctly, however one
can see noticeable deviation at the wavelengths 1025 nm and 1035 nm. Such deviations occur
because Eq. (7) is not valid for a significant distance between a spectral component and the lens
center. The beam diameter increased substantially more before L2 compare to L2 the paraxial
approximation is rougher for the angles δ compared to the angles γ.

Fig. 3. The angles for the spectral components are presented as a function of the wavelength.
The black line shows the angle β after the reflection from the 1st grating. The magenta and
blue curves show the angle γ after the lens L1 and were calculated based on Eq. (8) and
numerical simulations correspondingly. The red curve shows the angle δ after the lens L2
based on the numerical model.

I calculate the GDD as a function of the wavelength using the numerical model and compare it
with the traditional Treacy compressor as well as analytical solutions full Eq. (9) and simplified
Eq. (10). The parameters of standard Treacy and enhanced compressor are identical aside from
the lenses L1 and L2 used in the enhance compressor. The results are presented in Fig. 4. Figure 4
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is the main output of this paper. First, one can see the significant enhancement of the GDD
compared to a standard Treacy compressor (red curve). Overall the approximation based on
Eq. (9) (blue curve) does a decent job, while further simplified Eq. (10) (black dashed curve)
predicts expected GDD only at the central wavelength and its vicinity. The deviation between the
numerical model and theoretical expression of Eq. (9) is within 5 % in a chosen wavelength range.
Near the central wavelength of 1030 nm, the deviation is negligible. For these conservative,
realistic parameters we calculate the lense L1 and L2 increase the GDD of the compressor by
more than a factor of 5 at the wavelength of 1030 nm. The discrepancy between the enhancement
of the factor of 5 in Fig. 5 and the enhancement of the factor of 6.2 roughly estimated at the end
of the previous section is caused mostly because of setting G3 to 0 for the rough estimations.

Fig. 4. GDD is presented as a function of the wavelength for a number of scenarios. The
red line is GDD for the traditional Treacy compressor for the same grating parameters and
gratings separation (G, α, and 1/d ). All other plotted curves are calculated for the enhanced
compressor. The black, dashed curve is the calculation based on simplified Eq. (10). and
the magenta curve is calculated based on Eq. (9). Finally the blue curve is a result of the
numerical simulations described above.

Increased curvature of the GDD vs. wavelength line indicates higher values of higher order
desertions that have to be compensated by CFBG.

The third-order dispersion (TOD) of the enhanced compressor becomes important for broad-
band pulses. Theoretically, it can be pre-compensated by CFBG, however, in order to do so the
TOD value of the later stages needs to be known. Although it is possible to calculate TOD by taking
the derivative of Eq. (8) over λ analytically the usefulness of this step is questionable because of
the length and complexity of the result. Instead, the TOD can be calculated straightforwardly
using a numerical model. In Fig. 5 we show TOD as a function of the wavelength for a standard
Treacy compressor and for an enhanced compressor with parameters the same as above. We
observe a TOD increase of a factor of 40 at the wavelength of 1030 nm.

Such large TOD has to be pre-compensated by the design of CFBG or by employing tunable
FBG [26].
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Fig. 5. TODs as a function of the wavelength are presented for a traditional Treacy, and
enhanced compressor (the same parameters (G, α and 1/d for both compressors).

5. Conclusion

I have proposed an enhanced optical grating compressor that is suitable for compressing strongly
stretched laser pulses. This novel compressor employs cylindrical lenses to enhance the spectral
chirp of the beam inside of the compressor that allows achievement of significantly larger GDD
compare to currently used Treacy compressors. This drastically reduces the required linear
distances; which makes the compressor compact and more suitable for out-of-the-lab applications.
The enhanced compressor allows to greatly reduce the size of the high-peak-power lasers, thus
making them more applicable outside of scientific laboratories, in particular, on moving vehicles.
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