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This paper presents a theoretical study aimed at solving the problem of compensation for second and third order 

dispersion in CPA laser systems. We study the propagation of light pulses generated by a Ti-Sapphire master oscil-

lator along the path of a stretcher-amplifiers-compressor. The wave equation and dispersion balance equations are 

used to analyze various Ti-Sapphire amplifier configurations. The research results include the values of the devia-

tion of the compressor length and the angle of incidence of the light pulse on the input diffraction grating of the 

compressor. Different versions of amplifiers differ in the number of passes of a light pulse through Ti-Sapphire crys-

tals and in the geometric profile of the crystals. The results obtained are presented in the Table. This research is es-

sential for the development of more efficient CPA laser systems. 

PACS: 42.55Ah 
 

INTRODUCTION 

With the passage of the light pulse of the master os-

cillator (further “pulse”) in CPA laser systems, first its 

duration increases in the stretcher, then, when passing 

through an optical amplifier (hereinafter referred to as 

“amplifier”), its energy increases by several orders of 

magnitude, and finally, the duration of the amplified 

pulse is minimized in time in the final element of the 

CPA system – a time compressor. The phase aberrations 

acquired by the pulse in the system and amplifier are 

due to the dispersion spreading of its duration in the 

compressor. The pulse duration is minimized by com-

pensating for phase aberrations and dispersion. In prac-

tice, such compensation is carried out by various meth-

ods of time compression of an extended pulse. Among 

them are the combination of prisms and diffraction grat-

ings [1, 2], the combination of a fiber stretcher and a 

pair of gratings [3], the introduction of an air lens dou-

blet into the stretcher [4], the use of a self-adjoint 

scheme, grating mirrors to prevent the beam from re-

turning to the amplifying stages [5]. In this case, in the 

dependence of the phase on the frequency during the 

passage of the dispersive optical element, it is repre-

sented by the Taylor series near the central frequency of 

the pulse spectrum
0  [6].  
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0F   phase constant, 1F   group delay, 2F  dispersion 

of the second order, which determines the dispersion of 

the group velocity of the pulse, 
3F   dispersion of the 

third order causing distortion of the pulse contour, 
4F   

dispersion of the fourth order, which determines the 

wings of the pulse.  

Dispersive optical elements in the laser system cre-

ated at the NSC KIPT [7] include a pulse stretcher, 

pulse frequency and polarization control elements  a 

Pockels cell and Glan prisms, amplifying crystals and 

pulse compressors. Using (1) to compensate for the var-

iance of each order, conditions are specified. 

 
, , , 0,n s n m n cF F F     (3) 

where n is the order of dispersion, s and c are indices 

referring to the stretcher and compressor, m is the num-

ber of the amplifier medium. However, such an ap-

proach, firstly, does not always provide satisfactory 

accuracy, since relation (1) can be valid only for nar-

row-band pulses, in which
0 0( ) 1    [8]. Using 

master oscillators of laser CPA systems, Ti-Sapphire 

crystals have generation bands with a width that reaches 

3500 cm
-1

 [9]. At an average wavelength of the pulse 

spectrum of 800 nm, the ratio 
0 0( )    is quite 

large  0.14. Second, there is no analytically substanti-

ated dependence of the duration of the output pulse of a 

CPA system on the magnitude of the dispersion of vari-

ous orders in the literature. The value of this depend-

ence will make it possible to determine the effect of 

various options for compensating dispersion of different 

orders in the laser system on the duration of the output 

pulse and to match the parameters of the compressor 

and stretcher. 

This work is devoted to finding analytical relation-

ships that describe the minimization of phase aberra-

tions that occur in a pulse when it passes through a 

stretcher and amplifier by detuning the parameters of 

the stretcher and compressor. Particular attention is paid 

to second and third order dispersion compensation for 

six amplifier options in the laser CPA system. 

DISPERSION COMPENSATION  

IN DISPERSIVE OPTICAL ELEMENTS  

OF A LASER SYSTEM 

In the previous work [10], to describe the propaga-

tion of a pulse through a dispersive linear isotropic me-

dium, a wave equation was compiled for the complex 

amplitude of the electric field A(z,t) at the output of this 

medium in the approximation of the third order of dis-

persion. For this, the method of slowly varying ampli-

tudes was used [11]. The solution, this equation without 

taking into account the amplification and narrowing of 

the amplifier spectrum, which will be investigated fur-

ther, has the form. 
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0A  the maximum amplitude of the electric field, 

( )A   Fourier image of the master oscillator pulse. 

The numerical indices at F correspond to the indices in 

(1). When the pulse passes through all elements of the 

CPA system, then, applying the theorem on the convo-

lution of the Fourier transforms [12], we obtain an ex-

pression for the complex amplitude of the electric field 

of the pulse at the output of the compressor. 
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Here the indices at F correspond to the indices s, c, 

and m in formula (3). The index Nm corresponds to the 

number of passes through the m-th medium. In the de-

veloped laser CPA system, the index m = 1 corresponds 

to the Ti-Sapphire amplifying crystal, designed so that 

the pulse enters and leaves it at the Brewster angle (Fig-

ure, where 
B   Brewster angle), m = 2 refers to the Ti-

Sapphire amplifying crystal, into which the pulse enters 

and exits perpendicular to the input and output faces. 

Inside both crystals, the pulses pass parallel to the side 

faces. The physical path length in each of the crystals is 

10 mm. The index m = 3 corresponds to the DKDP 

crystal from which the Pockels cell is made. The physi-

cal length of the pulse path in it is 16 mm. Index m = 4 

refers to quartz, from which two windows of the 

Pockels cell are made, the physical path length in them 

is 3 mm. Finally, the index m = 5 corresponds to calcite, 

from which two Glan prisms are made. The physical 

path length in them is 18 mm. In media with m = 3, 4, 5, 

the pulse enters and exits perpendicularly, and the num-

ber of passes through them is equal to one. 

 
The optical path of laser beams through  

a Ti-Sapphire crystal (
B  Brewster's angle;  

   angle of refraction of the beam in the crystal;  

L  length of the crystal) 

Simultaneous second and third order dispersion 

compensation was calculated for six amplifier variants. 

In the first variant, the pulse passes eight times through 

the Ti-Sapphire crystal, where the pulse enters and exits 

at the Brewster angle, and four times through the Ti- 

Sapphire crystal, where the pulse enters and exits per-

pendicular to the input and output faces. The second and 

third versions of the amplifier differ from the first only 

in the number of passes through the Ti-Sapphire crystal, 

where the input and output of the pulse are carried out at 

the Brewster angle for the ninth and tenth time, respec-

tively. The fourth, fifth and sixth variants of the ampli-

fier differ from the variants 1-3 only in the number of 

passes through the Ti-Sapphire crystal, where the input 

and output of the pulse are perpendicular to the input 

and output faces  5. 

The stretcher will be based on the Offner triplet 

[10, 13]. Its phase constant, group delay, dispersion of 

the second and third order are described by the same 

expressions as similar values of the compressor [14], 

but have the opposite sign, namely: 
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where λ is the average wavelength of the pulse spec-

trum, λ = 800 nm, 
sL  effective stretcher length, 

sL = 2.000 mm, 
s  is the diffraction angle on the 

stretcher grating, 
s = 20.14° degree, 

s  is the angle of 

incidence of the pulse on the stretcher grating, 
s = 38° 

degrees, c  the speed of light. 
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where d is the lattice constant of the stretcher and com-

pressor, d = 5/6 µm. 

In a Ti-Sapphire crystal, where the pulse enters and 

exits at the Brewster angle, the phase shift has the form: 
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where n  refractive index of Ti-Sapphire at a wave-

length of 800 nm, l is the physical path length in the 

crystal, λ is the average wavelength of the pulse spec-

trum. 

In expression (10) nl = P is the optical length of the 

pulse path. Since the pulse enters at the Brewster an-

gle
B , at which 

Btg n   [15], then it follows from 

[16] that 
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Therefore, the raid in this crystal will look like: 
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Differentiating (10) first once, then twice and pass-

ing in both derivatives to the angle of incidence on the 

crystal, equal to B , we get: 

 1
dF nl dn
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Similarly to the above, threefold differentiation (10) 

and the transition to the angle of incidence of the pulse 

on the crystal, equal to 
B , gives a third-order disper-

sion. 
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The remaining elements of the amplifier pass the 

pulse that enters and exits them perpendicular to the 

input and output faces. Phase derivatives with respect to 

frequency for media with m=2, 3, 4, 5 are described by 

the same formulas. The phase incursion during the pas-

sage of a pulse is described by formula (10), but the 

angle of incidence and exit of the pulse for media with 

m=2, 3, 4, 5 is equal to zero. Therefore, the group delay 

here has the form: 
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The dispersion of the second and third order of the 

amplifier elements, in which the pulse enters and exits 

at a right angle [6], has the form: 
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The refractive indices and their derivatives with re-

spect to the wavelength are determined in relations (10-

18) according to the Sellmeier formulas for the average 

wavelength of the pulse spectrum λ. For a Ti-Sapphire 

crystal (m = 1, 2), the Sellmeier formula [17] has the 

form (hereinafter λ will be presented in µm). 
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The formula for the refractive index for a crystal 

DKDP (m=3) [18] is: 
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The refractive index formula for quartz (m=4) [19] 

is: 
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And finally, the refractive index formula for calcite 

(m=5) [20] is: 
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As follows from the form of the complex amplitude 

of the electric field of the pulse, the conditions for sim-

ultaneous compensation of second and third order dis-

persion are determined by a system of two dispersion 

balance equations for these dispersion orders. 
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Algebraic transformations of system (23) lead to the 

equation for the dispersion angle on the compressor 

grate 
c  in each amp version: 
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In turn, in these coefficients we have: 
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The parameters of the stretcher and dispersion media 

of the amplifier were calculated based on the formulas 

and numerical data (6)-(22) and substituted into equa-

tions (25) and (27) to calculate the K1-K5 coefficients 

for each of the six amplifier options. These values were 

then substituted into equation (24) and solved on a 

computer for each option to obtain the values
c  for 

each amp. Detuning of the angles of incidence of pulses 

on the grate of the compressor and stretcher 

c s      is determined by the equation of diffrac-

tion on a reflecting grating [14]. 

 arcsin sin c s
d


  

 
    

 
. (27) 

The deviation of the effective length of the compres-

sor from the analogous parameter of the stretcher for 

. 
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each version of the amplifier is found from the first 

equation of the system, taking into account the two-pass 

pulse in the compressor, this parameter has the form: 
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The obtained values of the detunings   and the 

deviations L  for each amplifier option are shown in 

the Table: 

№ 1 2 3 4 5 6 

Δγ, deg 0.312 0.335 0.373 0.342 0.379 0.420 

ΔL, µm 6413 6723 7406 6986 7414 8160 
  

The obtained results allow compensating for pulse 

dispersion in various configurations of the CPA 

(Chirped Pulse Amplification) laser system. 

First option: The pulse passes through the Ti-

Sapphire amplification crystal eight times at the Brew-

ster angle, and then four times through another Ti-

Sapphire amplification crystal perpendicular to the input 

and output surfaces. 

Second option: The pulse goes through the Ti-

Sapphire amplification crystal nine times at the Brew-

ster angle, and also four times through the Ti-Sapphire 

crystal. 

Third option: The pulse goes through the Ti-

Sapphire amplification crystal ten times at the Brewster 

angle, and also four times through the Ti-Sapphire crys-

tal. 

Fourth, fifth and sixth options: The pulse passes 

through the Ti-Sapphire amplifying crystal eight nine 

and ten times, respectively, at the Brewster angle, and 

then passes through the Ti-Sapphire amplifying crystal 

five times, perpendicular to its input and output faces. 

As can be seen from the table, when passing the 

pulse through the proposed variants of the CPA laser 

system for simultaneous compensation of second and 

third-order dispersion, simultaneous increase in the an-

gle of incidence of the pulse on the diffraction grating of 

the compressor and its effective length compared to the 

corresponding values of the stretcher is necessary, i.e., 

introducing a detuning in these parameters. Comparing 

the magnitudes of these detunings for variants 1 - 3 and 

4 - 6 shows that with an increase in the number of pass-

es through the crystal, where the input and output of the 

pulse are carried out at the Brewster angle, and an equal 

number of passes through the crystal, where the input 

and output of the pulses are perpendicular to the input 

and output faces, the detuning in the angle of incidence 

of the pulse on the diffraction grating of the compressor 

increases faster than the detuning in its effective length. 

Pairwise comparison of detunings for variants 1 and 4, 2 

and 5, 3 and 6 shows that with an increase in the num-

ber of passes through the crystal, where the input and 

output of the pulse are perpendicular to the input and 

output faces, and an equal number of passes through the 

crystal, where the input and output are carried out at the 

Brewster angle, the detuning in the angle of incidence 

on the diffraction grating of the compressor and its ef-

fective length is very small. 

CONCLUSIONS 

The analytical and numerical studies of simultane-

ous compensation of second and third order dispersion 

in CPA laser systems are presented. They can be uti-

lized for optimizing the design and performance of CPA 

laser systems. The obtained results contribute to a better 

understanding of phase aberrations and dispersion com-

pensation, particularly second and third-order disper-

sion, in various amplifier configurations. These findings 

assist in selecting and adjusting the parameters of the 

stretcher and compressor, thereby enhancing pulse 

compression and overall system performance. 

Furthermore, the research confirms the consistency 

of the obtained results with experimental data from oth-

er authors. This confirmation is crucial as it validates 

the reliability and applicability of the proposed methods 

and approaches. 

Overall, the results of this study have practical im-

plications for the design and optimization of CPA laser 

systems. Understanding the impact of dispersion com-

pensation on pulse characteristics enables researchers 

and engineers to make informed decisions regarding the 

configuration and parameters of the stretcher and com-

pressor. This, in turn, facilitates the development of 

more efficient and accurate laser systems for a wide 

range of scientific, technical, and industrial applications. 
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ОДНОЧАСНА КОМПЕНСАЦІЯ ДИСПЕРСІЇ ДРУГОГО І ТРЕТЬОГО ПОРЯДКУ  

У СИСТЕМАХ ЛАЗЕРІВ CPA 

В.П. Лещенко, А.В. Васильєв, К.В. Галайдич, А.І. Поврозін, Г.В. Сотніков 

Представлено теоретичне дослідження, спрямоване на вирішення проблеми компенсації дисперсії друго-

го і третього порядку у системах лазерів CPA. Ми досліджуємо поширення світлових імпульсів, що генеру-

ються Ti-Sapphire задаючим генератором, вздовж шляху стретчеру-підсилювачів-компресора. Для аналізу 

різних конфігурацій підсилювачів Ti-Sapphire використовуються хвильове рівняння та рівняння балансу 

дисперсії. Результати дослідження включають значення відхилення довжини компресора та кутa падіння 

світлового імпульсу на вхідну дифракційну решітку компресора. Різні версії підсилювачів відрізняються 

кількістю проходів світлового імпульсу через кристали Ti-Sapphire і геометричним профілем кристалів. 

Отримані результати представлені в таблиці. Це дослідження є важливим для розробки більш ефективних 

систем лазерів CPA. 


