
Spatial Intensity Nonuniformities of an OMEGA Beam 
due to Nonlinear Beam Propagation 

Several applications require that a laser beam maintain a high 
degree of wavefront quality after propagating a long distance 
through air. In particular, laser drivers for inertial confinement 
fusion use intense laser beams that propagate tens of meters 
through air to a fusion target. Many amplification stages are 
required in the system to reach the energy levels required for 
each beam. Good beam quality is essential throughout the 
system to prevent the onset of nonlinear effects that can lead to 
optical damage or wavefront degradation. To maintain beam 
quality, spatial filters are used between amplification stages 
to remove high-spatial-frequency modulation impressed onto 
the beams by random or fixed phase distortions in the beam 
paths. Despite the use of spatial filters, the wavefront quality 
of a high-energy laser can be degraded, and nonlinear optical 
effects can occur in the system. 

Forward stimulated rotational Raman scattering (SRRS) 
can be generated when intense laser fields propagate through 

due to the N2 molecules in the interaction path. This 
unwanted Raman radiation can degrade the spatial as well as 
the temporal characteristics of the beam. In addition, when a 
high-energy laser is focused into a spatial filter, the residual 
material remaining in the spatial filter can act as a nonlinear 
medium to again degrade the beam quality. 

It is well known that for Raman scattering the coupling 
between the Raman Stokes and anti-Stokes radiation in a 
dispersive medium leads to the generation of conical emis- 
 ion.^ The Stokes and anti-Stokes radiation is emitted at 
angles to the optical axis due to phase matching andis azimuth- 
ally symmetric about the optical axis. If the cylindrical sym- 
metry of the pump wave is broken, then another phase-matched 
four-wave-mixing process can break the azimuthal symmetry 
of the conical emission, and a transverse modulational instabil- 
ity can occur. This instability manifests itself as preferential 
gain at six angles uniformly spaced around the cone, resulting 
in six intensity peaks around the cone resembling a hexagonal 
intensity distribution in the far field. Evidence of this four- 
wave-mixing convective instability was first reported by 

Tan-No  era^.^ in 1980. Since then several other observations 
have been reported along with several theoretical analy- 
~ e s . ~ - ' ~  The majority of the work in this field has been 
performed with counter-propagating pump beams in a nonlin- 
ear medium. A notable exception is the work of Pender and 
~ e s s e l i n k , ~  who observed this instability with a single for- 
ward pump wave as in the experiments performed with the 
OMEGA laser to be discussed here. 

Two separate experiments were performed with the 
OMEGA laser that show evidence of this transverse 
modulational instability. In the first experiment a beam under- 
went free propagation through air, and the instability was 
observed in the presence of SRRS. In the second experiment a 
1-kJ laser was focused into a vacuum spatial filter having a 
50-pm residual fill pressure, and the instability was observed 
in the near field after the spatial filter. These experiments 
illustrate that in order to determine the details of the spatial 
structure of an intense beam propagating in a nonlinear me- 
dium, this four-wave-mixing transverse modulational insta- 
bility must be considered. 

Experiments 
Two separate experiments that exhibit transverse 

modulational instabilities were performed. In one experiment, 
the generation of SRRS in air was studied to determine the 
effects of SRRS on the propagation of OMEGA Upgrade 
beams as they propagate through air to a target. In another 
experiment the requirements on the final fill pressure for high- 
energy spatial filters was studied. 

In the first experiment2 a third-harmonic beam at 35 1-nm 
wavelength 600-ps full-width at half-maximum (FWHM) 
from the OMEGA laser was down collimated to approxi- 
mately a 5-cm beam diameter and propagated over a 35-m path 
length in air. The near-field beam intensity profile was re- 
corded on film at the beginning and end of the beam path. The 
spectral content of the beam was also recorded on film at the 
end of the air path using a 1-m spectrometer. The film was 
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developed, digitized with a microdensitometer, and converted 
to intensity exposure by using the appropriate film-density, 
log-intensity calibration for the film and for the experimental 
conditions used. 

The spectrum, displayed in Fig. 59.1 1 ,  clearly shows the 
generation of Stokes and anti-Stokes radiation from the SRRS 
process in air. For this experiment approximately 1% of the 
laser energy was converted to SRRS. 
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Figure 59.1 1 
Raman spectrum showing several of the S transitions of nitrogen in air. The 
pump laser saturated the film at a frequency shift equal to zero. 

The intensity distribution at the end of the 35-m air path is 
shown on a log scale in Fig. 59.12, where strong intensity 
modulation can be seen. To determine the spatial frequency 
content of the beam at the end of the air path, a two-dimen- 
sional FFT was calculated from the measured intensity 
distribution. To highlight the features in the FFT, the central 
portion of the FFT (containing the near dc spatial compo- 
nents) was blocked, and the FFT was plotted on a log scale, as 
shown in Fig. 59.13. Although the FFT is symmetric about 
positive and negative frequencies, it clearly shows evidence of 
the hexagonal pattern in the far field associated with the 
transverse modulational instability. 

In the second experiment a beam with 1 kJ of energy, 
700-ps FWHM, and a 1054-nm wavelength was focused into 
a spatial filter. The spatial filter input and output beam diam- 
eters were 18 cm, and the f number of the spatial filter was 
equal to 14. In an attempt to determine the maximum fill 
pressure allowed for this spatial filter with these beam param- 

Figure 59.12 
Near-field intensity distribution of the beam after propagating 35 m in air, 
plotted on a log scale. 

Figure 59.13 
FFT of the near-field intensity distribution of the beam after propagating 
35 m in air. The central portion of the FFT containing the low spatial 
frequencies was blocked, and the remaining FFT was plotted on a log scale. 
The hexagonal intensity distribution surrounding the central spot can be seen 
and is caused by the transverse modulational instability. 
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eters, the fill pressure was varied, and the beam intensity 
distribution after the spatial filter was recorded on film. The 
film was again digitized and intensity converted. The input 
beam to the spatial filter was slightly astigmatic. The intensity 
modulation on the beam exiting the spatial filter with a 50-pm 
residual fill pressure (the highest pressure used in the experi- 
ments) is shown in Fig. 59.14. To enhance the intensity 
modulational features on the image of the beam, a constant 
intensity (equal to 80% of the maximum intensity) was sub- 
tracted from the digitized near-field intensity distribution of 
the beam. The results are shown in Fig. 59.14. In this figure a 
hexagonal intensity distribution can bc seen at the approxi- 
mate center of the distribution centered on the cross with a 
diameter approximately equal to the beam radius. Additional 
modulation at the edges of the intensity distribution can also 
be seen. For this experiment, no measurcmcnts were made 
of the spectral content of the beam. 

Theory and Discussion 
Stokes and anti-Stokes SRRS will be generated when an 

intense laser beam propagates over a long path in air. Appre- 
ciable amounts of this radiation are created when the product 
of the laser intensity times the interaction length exceeds a 
minimum threshold. In a dispersive medium, the coupling 
between the Stokes and anti-Stokes fields leads to conical 
emission. If the pump laser is not cylindrically symmetric, 
then the coupling between the Stokes and anti-Stokes fields 
can lead to thc observed transverse modulational instability. 

To see the origin of this transverse modulational instability 
we follow the analysis of Pender and ~ e s s e l i n k ~  and begin 
with the wave equation in a Raman active medium: 

where the nonlinear polarization is given by 

We assume that the seven waves making up the hexagonal 
intensity distribution (the six waves uniformly spaced around 
the cone plus one on axis) are all linearly polarized, have the 
same frequency (such as all Stokes frequencies), and propagate 
in the near forward direction (i.e., no counterpropagating 
beams). For clarity the seven waves are shown in Fig. 59.15. In 
the plane wave approximation we assume that the total electric 
field E is given by the sum of the laser field and a sum over 
seven Stokes and seven anti-Stokes fields. With these assump- 
tions, the total electric field in the medium is given by 

Near-field intensity distribution of a I-kJ beam at 1054-nm wavelength after 
propagating through a spatial filter with a 50-pm residual fill pressure. To 

help illustrate the modulation, 8 0 8  of the beam intensity was subtracted from 
the image. The hexagonal intensity distribution caused by the transverse 

modulational ~nstability can be seen centered on the cross with a diameter 
approximately equal to the beam radiur. where the subscripted E's are the amplitudes of waves with 

frequency o and wave vector k, and the subscripts L, S,  and A 
The above experiments show evidence of a transverse denote the laser, Stokes, and anti-Stokes fields, respectively. If 

modulational instability with a high-energy laser. The ob- we cube this total electric field, substitute into the optical wave 
served hexagonal intensity distributions are characteristic of a Eq. (1) with the appropriate nonlinear polarization [Eq. ( 2 ) ] ,  
four-wave-mixing interaction that can be understood through and make the standard assumptions in steady state, we get for 
simple modeling using the plane-wave approximation. a typical Stokes field (S1 in Fig. 59.15. for example) 
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Figure 59.15 
Diagram of the seven beams making up the hexagonal intensity distribution 
characteristic of the transverse modulational instability. 

with AkAj = (2kL - kSl - kAj) r and Ak = k (1 - cos 13) and 
where 8 i s  the cone angle for Stokes and anti-Stokes coupling 
and y is the coupling coefficient. This equation describes 
the evolution of one of the Stokes waves (wave S1) in the 
medium and has many contributions that will be discussed 
further to provide insight into the nature of the instability. 

The first term on the right in Eq. (4) contains the intensity- 
induced refractive index terms and gives rise to ordinary 
stimulated scattering. The second term on the right is the 
Raman Stokes and anti-Stokes coupling term that can be 
completely phased matched (AkAj = 01, even in a dispersive 
medium. In a dispersive medium phase matching occurs when 

the Stokes and anti-Stokes fields propagate at some angle to 
the optical axis giving rise to conical emission. (This second 
term has azimuthal symmetry and is present for any choice of 
Stokes wave around the cone.) 

The third and fourth terms are largely responsible for the 
transverse modulational instability. The third term on the right 
is a near-phase-matched, four-wave-mixing term and gives 
rise to loss for S1, i.e., one photon is absorbed from each of 
beams SO and S1 and reemitted into beams S2 and S6. Near 
complete phase matching for this process occurs and can be 
seen from Fig. 59.15 since a line drawn through S2 and S6 and 
a line drawn through SO and S1 bisect one another. (A small 
phase mismatch Akz exists due to the off-axis propagation of 
the waves involved. Perfect phase matching would occur only 
for all waves propagating in the forward direction; however, 
the additional gain provided in this off-axis direction by 
ordinary conical emission outweighs the loss due to this phase 
mismatch.) In a similar manner, the fourth term on the right 
contains two near-phase-matched (by the same argument 
given for the third term), four-wave-mixing terms. These 
contributions give rise to additional gain for S1 at the expense 
of the pair of waves S2 and S3 and the pair S5 and S6. Hence, 
hexagonal position S1 has two gain contributions [Eq. (4), term 
(4)] and one loss contribution [Eq. (4), term (3)] resulting in 
net gain due to the four-wave-mixing process associated with 
the transverse modulational instability. This implies that if 
Stokes wave S l  is present, it will lead to the efficient generation 
of the other Stokes waves around the hexagon since we can 
rotate the cone by 60" and repeat the argument. The location of 
S1 along the cone, however, is arbitrary, and for an azimuthally 
symmetric pump laser we would expect ordinary conical 
emission. If, on the other hand, the pump laser is not perfectly 
symmetric about the optic axis, then the Stokes wave at S1 
may experience higher gain than the other waves around the 
cone, which will initiate the instability leading to the formation 
of the hexagonal intensity distribution. 

The fifth and sixth terms on the right are terms that contrib- 
ute to uniform gain around the cone and, hence, do not 
contribute to the instability. 

Equation (4) was derived assuming that only seven Stokes 
waves were present. For analytical purposes Pender and 
Hesselink assumed 13 waves in their analysis (12 waves 
uniformly spaced around the cone plus one on axis). In their 
numerical analysis they show that for uniform seeding of all 
13 waves only ordinary conical emission results. If, on the 
other hand, one of the waves on the cone is seeded with a 
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higher intensity then the others, this wave and the other five 
waves making up the corresponding hexagonal intensity dis- 
tribution see higher gain than the remaining six around the 
cone. In fact, the six waves that do not see gain actually 
experience loss, implying that, in this case, energy is redistrib- 
uted around the cone favoring the hexagonal pattern formation. 
Equation (4) isin the same form as that of Pender and Hesselink, 
and, hence, their results are expected to apply here. Thus, it is 
plausible to expect a transverse modulational instability to 
occur in the presence of stimulated Raman scattering as was 
observed in the experiments discussed above. 

Conclusions 
Transverse modulational instabilities have been observed 

in an OMEGA beam in two separate experiments. In one 
experiment a collimated beam with 35 1-nm wavelength prop- 
agated through air, and the instability was observed in the 
presence of stimulated rotational Raman scattering. In the 
second experiment, the instability was observed when a 1-kJ 
laser pulse with 1054-nm wavelength was focused into a 
spatial filter having a 50-pm residual pressure. In both experi- 
ments, the transverse modulational instability took the form 
of a hexagonal intensity distribution in the far field of the 
interaction region. 

A qualitative analysis of the instability can be performed in 
the plane-wave approximation. The instability is due to a 
phase-matched, four-wave-mixing interaction involving the 
Raman Stokes and anti-Stokes fields in the medium. The data 
and analysis agree well with similar work in the field. A 
complete analysis of the beam intensity modulation on a high- 
energy laser should include the effects of this transverse 
modulational instability. 
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