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Calculation of the Small Scale Self-Focusing Ripple Gain Spectrum 

for the CYCLOPS Laser System: A Status Report 
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J. A. Fleck, Jr., J. R. Morris, and P. F. Thompson 

Introduction 

NOTICE 

sponsored b y  the United States Government. Neither 
the United Stntu nor the United S t a t u  Energy 
Rucarch and Devclopmcnt Administration, nor any o f  
their employcer, not any o f  their contractors. 
subcontractors, or the" e m p l o y e u ,  maker any 
warranty, cxprcn or implied, or assumes any legzl 
liability or remonsbi i ty  for the accuracy, complctcnen 
or u ~ t u l n c n  o f  any information, apparalur, product or 
P m m  d i i o ~ d .  or represents that its uu would not 

As is well known, nonlinear self-focusing car1 lead to beam deterioration'. 

or even beam breakup by.amplifying small scale imperfections in the laser 

beam. This phenomenon can, of course, lead to a limitation in the maximum 

useful laser power. A simple linearized theory of this effect, valid 

(1) for a single nonlinear medium, was first developed by Bespalov and Talanov , 
and that theory has been verified experimentally by Bliss et al. ( 2 )  Tre*oh(3.1 

has extended the Bespalov-Talanov analysis to the mcre complex case of a 

periodic array of nonamplifying glass slabs separated by air gaps. His results 

indicate that th? simple Bespalov-Talanov theory for a single nonlinear medium 

will not accurately predict certain features of ripple amplification in more 

complicated amplifier systems. 

Ripple gain in the CYCLOPS laser system has been under experimental 

study by Bliss. The current work is intended to provide insight into these 

experiments and to provide an efficient and general calculational tool for 

studying ripple gain in complex, realistic laser amplifier systems, including 

beam divergence. The importance of beam divergence is -two-fold: first of all 

it magnifies ripple wavelengths, and, secondly, it changes effective air 

spacings between elements and thus effectively removes periodicities that 

might otherwise exist for a collimated beam. 

Tl-le rLAC Code 

The FIAC (Fourier Laser Amplifier Code) is a general purpose three- 
- - 

(x,y,z-dependent) nordinear optics code th~t is based on a 
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f i n i t e  Fourier ,ser ies  solution of Maxwell's wave equation in Fresnel appmx- 

imation . It can be shown t h a t  the accuracy of this solution method is 

limited o n 1 y . b ~  the a b i l i t y  of the calculational mesh t o  ~Gsolve  the relevant 

Fourier components in a given problem. The method is very fast when imple- 

mented with the f a s t  Fourier transform (FFT) algorithm. For reasons of 

both computational speed and numerical accuracy the f i n i t e  Fourier ser ies  
. . 

method of solution i s  highly ef f ic ient .  

The maximum s ize  transverse mesh the code can employ is 128 x 128. I f  

the problem has inversion symmetry with respect t o  the x and y-axis, the code 

can u t i l i z e  cosine transforms, and calculation is required i n  only the upper 

right-hand quadrant of the transverse plane. This increases the effect ive 

beam resolution by a factor  of 2,and the effect ive rlumber of m s h  points by 

a factor  of 4. 

The code has been written t o  handle an arb i t rary  number of system 

elements in sequence. Disc modules are  specified by number of discs,  air 

gap spacing, A d  disc t h i c h e s s  . Propagation through a i r  requires calcula- 

t ion  of a single Fourier and inverse Fourier transform pair .  Propagation 

through nonlinear e l m n t s  requires the phase t o  be updated in segmented 

steps along the ax ia l  ( z )  direction. The presence of lenses is treated by 

a lens transformation consisting of a sui table rescaling of the z-coordinate 

and the transverse grid.  Propagation through a spa t i a l  filter requires cal- 

culation of a Fourier transform, a f i l t e r i n g  operation, followed by an in- 

verse Fourier transform. The e f fec t  of refraction a t  a disc interface is  

modeled by stretching the computational mesh along m e  principle d isc  axis.  

When the laser  beam passes through a Faraday r o t a t o r ' i n  the amplifier chain, 



the direction of polarization and the orientation of the principle axis of 

the d isc  m u l e  are rotated by 45O. This creates a nonrectangular d is tor t ion  

in the comp&ational mesh inside a t i l t e d  disc.  This distort ion cannot be 

treated by the code in its present form. The e f fec t  of crossing two Faraday 

rotators ,  however; w i l l  r e su l t  in a t o t a l  rotat ion of the polarization vector 

and disc orientation by 90°. This orientat ional  change can be treated. This 

suggests tha t  4S0 rotations be ignored but t h a t  a f t e r  every pa i r  of Faraday 

rotators  the code should take in to  account the rotat ion of the disc orientations 

by 90°. 

The FLAC code was original ly designed f o r  the same number of grid l ines  

in both the x and the y-direction. It has recently been rewritten t o  apply 

t o  a general mesh whose numerical dimensions must only be some power of 2. 

This general'mesh capabili ty has a bearing on the  efficiency of r ipple  gain 

spectrum calculations. (See the following section.) 

Application of the FLAC Code t o  Ripple Gain Calculations 

To genekl ize  the resul t s  of Bespalov and ~ a l a n o v ' l ) ,  one needs t o  

propagate a beard with the i n i t i a l  form 

through the en t i r e  amplifier chain. Here Eo i s t h e  mgnitude of the back- 

ground f i e l d ,  E is a complex plane-wave perturbed amplitude, and a is a 

measl.iE of the  i n i t i a l  beam divergence. It can be shown in the linearized 

approximation of the Fresnel equation t h a t  the.peCurbed wave uncouples in 

, the x and y-directions.. Herice, when a linearized t r e a - a n t  is val id,  one need 

only consider beams of form 



The phase factor  can be m v e d  with a lens transformation, and the problem 

becanes one-dhnsional .  One could i n  principle run a host of calculations 

f o r  a range of k-values t o  determine I E (z=z-) I / I E ( Z= 0 I as a function of 

k. It is much more ef f ic ient ,  however, t o  make use of the spectral  basis 

of the code. One propagates instead the beam 

The 6-function can be represented a s  

which contains a l l  of the Fourier components tha t  can be realized on the  com- 

putational mesh,with equal amplitudes. By analyzing the spectral  output at 

the end of the amplifier chain, one obtains the en t i r e  Bespalov-Talanov gain 

spectrum fmm, a single run. By running several calc,ulations with differ ing 

transverse m s h  spacings (Ax values) one can span a logarithmic range i n  k. 

To compute the  mimm ripple gain f o r  each value of k, one calculates 

the r ipple gain spectra f o r  the two perturbations El EO&6(x) and E2 = EOi&6(x), 

where E is  real. One then determines the phase angle 8(k) tha t  rrakes the 
0 

gain of (cos 8 + i sin 8) E cos kx a maximum. Due t o  the assured l inear i ty  

of the problem t h i s  can be done using the resu l t s  of the two propagation cal- 

culations with El and E2 as assmed perturbations. One thus obtains the rraximrm 

r ipple gain t h a t  can be encountered. f o r  any value of x by an appropriate com- 

bination of amplitude and phase perturbations. ~ a t u r a l l ~  the input number 

E must be small enough t o  insure t h a t  the linearized' value of k fo r  an appro- 

pr ia te  approximation is valid,but large enough t o  rake round-off e r ro r  . 

unimportant. 



Numerical Results f o r  CYCLOPS Laser System 

The FLAC code has been used t o  simulate the CYCLOPS laser system up t o  

the  t h i r d  B-module and t o  calculate  t h e  mmimum r ipp le  gain spectrum, 

max(9,nl E(k, 3 r d  F!-modul.e)/E(k,~) I 1 .  O u r  model of this portion of CYLCOPS 

c o n s i s t s  of 33 segments t h a t  correspond t o  20 op t i ca l  elements (simulation 

of the  pocket cell requires 2 segments and 1 2  external  air spaces. Disc 

modules a l s o  contain air  spaces but are counted as single  elements. See 

Figure 1. 

When the  laser beam enters  the  Brewster angle s labs  of the  the  2 s ingle  

and 3 double p la te  polar izers  and the  5 d i s c  amplif<ers, FLAC automatically 

accol-mts for t he  decrease of the  in tens i ty  by the  fac tor  l / n  and the  increase 

of the  r ipp le  wavelength by the  f ac to r  n f o r  r ipp le  wave vectors in the  plane 

of incidence. For the purposes of these initial s h u l a t i o n s ,  the  r ipp le  

wavevector w a s  taken t o  be in the  plane of  incidence although a more correct  

model would rotate the  plane of incidence 90° f o r  each pair of Faraday ro t a to r s  

t h a t  the  laser 'beam passes through. The s i ~ ~ l l  s ignal  gain of thk rod  

and d i s c  amplifiers,  the  simple n2 non-linearity and surface losses  of the 

g lass  and c rys t a l  elements, and the  divergence of the  laser beam (including 

the  e f f ec t  of lenses between the  A and B modules) were a l l  included in the 

calculations.  

By using a lens t ransf  o m t i o n  t o  remove the  quadratic phase f ront  , the  

y dependence of  t he  calculation is  r m v e d  and t h e  mperturbed spherical  

wave becomes the kx = 0 Fourier component; then in the l inear ized approxi- 

m t i o n  each of the  non-zero kx Fourier components grows independently and 

gives a point of the  ~j.pp1.e gain spectrum, 





FLAC w a s  or iginal ly written as a two-transverse-dimensional code with 

an equal number of mesh points along the x and y axes. Since linearized 

r ipple  gain calculations can be done with one transverse dimension, FLAC 

has been recoded t o  allow the number of mesh points along the x and y axes 

.. t o  be independent of each other and t o  be any power of two between 4 and 

128. With the  old FLAC several 64 x 64 calculations requiring appmximately 

4.5 min each; were ryqui.~.ed t o  span the spa t i a l  frequency d o k i n  in which 

significant g a k ~  spectrum values exis t .  The same spectrum calculation can 

now be done with be t t e r  resolution on the.new FLAC.\with half a3 m y  128 x 4 

calculations requiring only 1 . 2  m i n  each. 

Over 45 FLAC calculations have been run in the  course of this investiga- 

t ion.  Checks were mde on whether the z-step s i ze  a d  pertwbatiun amplitude 

were small enough, and several runs with different  i i p u t  power levels  were 

made. Sane of these runs were used t o  check the generalization of the code's 

generalized mesh features.  Most of the  runs were used ' to  check whether one 

could obtain the Bespalov-Talanov spectrum by analysing the spatial spectrum 

of the  output beam f o r  a single code run with a 6-function input. This w a s  

done by comparing the spectrurn so obtained with a spectrum obtained by propa- 

gating each individual Fourier component separately. These calculations 

verif ied tha t  a single propagation run could indeed yield the correct r ipple 

spectrum. 

Figure 2 is a low resolution mimum ripple ga.b spectrum of the CYCLOPS 

lase r  system f o r  which the  B integral  w a s  3.94 and the cut-off spa t i a l  fre- 

quency was approximately 400 an-' a t  the  output surface of the  third B module. 

Although it i s  complicated by the  amplifier gain, the beam divergence, and 

the many i n c m n s u r a t e  spacings between glass elements, this spectrum is 





similar t o  Trenholme's r e s u l t  f o r  two i d e n t i c i  glass in the  following 

respects: both have a broad peak near zero spa t i a l  frequency follcwed by a 

ser ies  of peaks t h a t  become progressively narrower at. higher spatial frequencies 

and t h a t  extend beyond the  cut-off frequency f o r  the output intensi ty.  There 

is, however,' one s ignif icant  difference. The largest  m x h u m  r ipple  gain 

observable i n  the  present ~ s u l t s  is less than 3, which compares with a' B 

integral  value- of 3.94. . For Trerhol.me ' s simpler calcl~lat ion,  on the  other 

hand, the  largest  nnximum r ipple gain is still given by the B integral.  

Figure.3 shows the spa t i a l  frequency par t  of Fig. 2 a t  higher resolu- 

t ion  and shws  spectral  output in tens i t i e s  one-half and one-tenth of the 

value used in Fig. 2. For wavelengths shorter than 2.5 cm, Fig. 4 contains 

the same information a s  Fig. 3 plotted versus r ipple  wavelergths. Note t h a t  

the peak around 1 . 2  mn corresponds roughly t o  the separation of hot spots in 

the near f i e ld  intensi ty taken after the th i rd  B module in the CYCLOPS laser. 
(5)  

Note added i.n pmof 

We have added the opt ical  elements between the th i rd  Rmodule and the 

fourth C-module t o  owl 11lude1 of =the CYCLOPS laser. This required 23 additional 

computational elements: seven Brewster angle d isc  stacks together with the 

air space t h a t  immediately follows each (four C-modules and three single- , 

plate  polar izers) ,  a spa t i a l  f i l t e r ,  sever glass  s labs (the two cylindricaJ 

lenses, the two Faraday rotators ,  the glass  i n  the two spatial f i l t e r  lenses, 

and the beam s p l i t t e r ) ,  the collimating lens, and seven separately modeled 

a i r  spaces. 

These FLAC runs make use of a l inearized analysis of the r ipple gain, 

even though the experimental indicate a signif icant  t ransfer  of 



Figure 3. High resolution maximum ripple gain spectrum for wavevectors 
2 less t k m  250 an-' and for 11.5, 5.77, and 1.15 GW/m output 

intensities in the CYCLOPS laser system t . u g h  the third 

B-due. 



Figure 4. ' Meximum ripple gain vgrsus the nutput ripple wavelengths 

f o r  11.5, 5.77, and 1.15 GW/cm2 output intensities in the 

CYCLOPS laser system through the third &module. 



energy into  ripple modes above the spat ia l  f i l t e r  cut-off spatial frequency. 

W e  have reduced the in tensiw uniformly for a l l  Fourier cmponents at the 

spatial filter output lens by the spatidl filter loss factor, 17.5j/23.9j = .732. 

Although thia bmec t ion  is sanewhat artificial, it has the desireable p m p e ~  

ties of giving the cornzct intensit ies a f t e r  the s ~ t i a l  f i l t e r  and making 

the ripple gain for  unfiltered modes continuous through the spatial filter. 

Figures 5 and 6 show the maxirrann ripple gain a t  the output face of the 

fourth C-nodule plotted as functions of the ripple spatial frequency and the 

ripple wavelength, respectively. The arrww along the abscissae of these 

plots is at the 3.88 an-' cut-off frequency (1.6 an wavelength) of the 

spat ia l  f i l t e r  with its pinhole diameter of 300~.  Thus the spat ia l  filter 

is seen t o  be quite effective in rem~ving fram the beam unwanted ripple noise. 

The cause of the relatively high gain i n  ~ long wave length portion of the 

spectrum is the large amount of beam divergence i n  the CYCLOPS system, which 

magnifies the small wave length of caponents -that may be important i n  an early 

portion of the a m p l i f i e r  chain into long wavelengths at later stages. 

The dmdnant features of the spectrum displayed in Figs. 3-6 are a very 

broad peak extending fran 3.1 nnn t o  greater than 2.0 cm ripple wavelengths 

and.a mrmwer double peak between 2.0 and 2.7 mn. These features agree 

qualitatively w i t h  near f i e ld  intensity data") taken after the  fourth 

C-module in which hot spot separations f o r  2 mn up seem t o  daninate. 



Figure 5. Maximum ripple gain fo r  the CYCLOPS laser f r o m  

the apodized aperture t?mu& the fourth C-mdule 

versus the output ripple spat ia l  frequency for  

an output intensity of 8.2 GW/cm2 and a B integral 
value of 9.2. 



Figure 6. Same as fig. but versus ripple wavelength. 
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