
DISCLAIMER 

This report was prepared as an account or work sponsored by an agency of '.lie United Slates 
Government, Neither the United States Government nor any agency Lhercaf, nor any of their 
employees, makes any warranty, express or implied, OT Assumes any legal luibililv i»r responsi
bility for the accuracy, completeness nr usefulness of any inrormolion. apparatb,. pivduct. or 
process disclosed, or represents thai its use wnuld not infringe pnvaiely owned n^hi.v. Refer 
ence herein to any specific comwuricial pr<KJ^cr, pnvess, or service b\ lrm;c n;i.".c irjilcnMrk. 
manufacturer, ur otherwise does not necessarily constitute nr imply its cndursciiicni. recom
mendation, or favoring by the United Slates Ciovernrncn: or any agency ihervi:! t he MC*S 
and opinions J author? cspre«sed herein do noi necessarily state or reflet[ !N)w of Hit 
United Slate* Government cr *n> agency [hereof 

R E V I E W O F T H E 
A T M O S P H E R I C P R O P A G A T I O N I N T H E S P C C O D E S -

A P R O G R E S S R E P O R T 

u'CID—20894 Donald J. Wuebbles 
Peter S. Connell 
James R. Ipser DE87 002132 

William M. Porch 
Leonard C. Rosen 
Joseph B. Knox 

Atmospheric and Geophysical 
Sciences Division 

Physics Department 
Lawrence Livermore National Laboratory 

E X E C U T I V E S U M M A R Y 

This is an initial progress report describing our findings in critically analyzing and 

evaluating the atmospheric propagation submodels in the SPCl and SPC2 models. These 

systems performance codes were developed by United Technologies Research Center (Bar

rett et al., 1986) as general purpose, end-to-end models for determining the overall effects 

on propagation of a laser beam from its source, either from the Earth's surface or from 

an airborne platform, to a target. The SPCl model is a trimmed down version of SPC2, 

while including the same coding for atmospheric propagation effects. As with other system 

models, the SPC codes attempt to include all essential processes to an accuracy commen

surate with the use of the models for overall systems analysis and examination of system 

deployment scenarios. 
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A basic conclusion of our study is that the SPC codes tlo appear to provide an appropri

ate framework for end-to-end model studies determining the overall impact of atmospheric 

effects on laser beam propagation. Nonetheless, our preliminary analysis has discovered 

a number of errors and limitations to the existing models. The modular structure of the 

codes will be an important benefit in making necessary improvements. 

The following is a list of our most important findings and recommendations. A much 

more complete discussion is given in the main text. 

1. Optical Turbulence effects calculated b;, the SPC codes are in general agreement 

viith a three-dimensional oDtics code, but may require Rome staling with distance. 

2. Turbulence effects were extremely sensitive to the structure constant Cn. The codes 

should be modified to allow for user-provided C n to better match the situations or 

scenarios being studied with the models. 

3. The treatment of molecular absorption induced thermal blooming effects appears 

to be adequate, but the nonlinear combined interaction of thermal blooming and 

turbulence seems to be underestimated by at least an order of magnitude. 

4. Because thermal blooming effects were found to be extremely sensitive to net cross-

wind velocities, it would be desirable to modify the codes to allow for user-provided 

wind fields. The effects of potential stagnation zones and wind shear are not 

included s"nd require further analysis. 

5. Improve the treatment of aerosols and their effects by using experimental data 

fe.g,, for vertical aerosol absorption and humidity effects) and detailed models 

(e.g., to improve energy paitition estimates for aerosol induced thermal blooming) 

to develop new or modified parameterizations. 

6. The codes appear to underestimate the loss of beam integrity due to stimulated 

Raman scattering, and underestimate the Raman gain, particularly above 15 km. A 
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number of needed modifications were noted in the treatment of stimulated Raman 

scattering. 

7. The potentially important impact on Raman scattering due to transient effects, 

self-focusing, and the effects due to Raman scattering via w aler vapor and aerosols 

have not been included and require further evaluation. Multi-photon processes also 

need to be evaluated for inclusion. 

8. The SPC codes have not treated any atmospheric processes at altitude greater than 

30 im . The model atmospheres should be extended to at least 100 km. 

9. Molecular absorption and scattering due to ozone is included at wavelengths less 

than 550 n n , and due to most necessary species at selected wavelengths greater 

than 550 rim. Absorption effects due to NO2 and N 0 3 are potentially important 

and should be included. 

1. I N T R O D U C T I O N 

The systems performance codes, SPCl and SPC2, were developed by United Tech

nologies Research Center (Barrett et al., 1986) as general purpose, end-to-end models for 

laser propagation from source to target. These codes were designed to provide an overall 

capability to analyze laser system design choices, system energy delivery and the influence 

of associated systems on laser system performance. The SPC2 code has six major submod

els: for trajectory, fire control, optical train, propagation, relay system and target effects. 

The SPCl code is a trimmed down version of SPC2, designed to run on the IBM-PC. The 

atmospheric propagation section of SPCl is the same as used in SPC2. 

We are in the process of analyzing and evaluating the capabilities of the atmospheric 

propagation submodel in these codes. The following is a progress report on our findings. 

The report is divided into several sections. In the next chapter, we will describe our 

current findings, including detailed discussion of the treatment of relevant processes. The 

following chapter makes an initial attempt at describing the sensitivity of the codes to 
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various processes, and attempts to prioritize identified limitations. The fourth chapter is 

a summary of findings, with suggestions for additional analyses and model development 

Appendix A gives a short description of each of the relevant subroutines in the SPC codes, 

and includes flow charts for the calling of these subroutines within the codes. Appendix B 

describes some of the theoretical considerations pertinent to stimulated Raman scattering, 

self-focusing, and other processes. 

2. D E S C R I P T I O N O F F I N D I N G S 

The atmospheric propagation section of the SPC rodes are divided into a number 

of subroutines. These concern the effects from various individual processes on the laser 

beam as it propagates through the atmosphere. The treated processes include: thermal 

blooming, turbulence, stimulated Raman scattering, molecular absorption and scattering, 

aerosol absorption and scattering, nonlinear aerosol effects such as air breakdown, and the 

effects of winds. The treatment of atmospheric structure within the model will also be 

discussed. Additional processes of potential importance will also be discussed here and in 

later sections. 

Overall, the SPC codes appear to provide an appropriate framework for end-to-end 

model studies determining the impact of atmospheric effects on laser beams. A significant 

positive aspect of the models is their modular design, which allows for ease of analysis, 

and for revisions and model modifications to be made in a straightforward manner. 

The SPC codes are typical of end to end systems models in that they treat the total 

system and include essential physics to an accuracy that is commensurate with the model's 

use in system analysis, system trade-offs, and system deployment scenarios. Systems level 

codes do not normally contain phenomena that are known to affect the predicted results 

in a minor way. In addition, phenonena for which there is no experimental or theoretical 

understanding relevant to the system being investigated are usually studied by parametric 

sensitivity analyses. Phenomena that are only speculated upon are not included. When 
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important new phenomena arr identified, tliey can be included in the systems level model. 

Systems level codes reflect only the current state of knowledge and are very useful tools i:i 

studying complicated systems, even in the early stages of system developments. 

2.1 Atmospheric Turbulence and Thermal Blooming (L. Rosen) 

Atmospheric turbulence is incorporated into the SPC codes in the subroutines: 

PMTRBA, PMTl 'R, TURBIN and the function CN2. A Kolmogorov spectrum is as

sumed for the turbulence such that the structure constant C„ is related to the spectral 

functions <?„ (K) through 

<6„(A') = .033 C~ A' " 3 

where K is the wave number. Thp expression is valid for frequencies V < < K < < j^> 

known as the inertial range; \0 and L 0 are the inner and outer scales of turbulence. The 

inner scale of turbulence corresponds to the eddy size below which dissipation of energy 

becomes important due to viscous effects. The outer scale of turbulence corresponds to 

the maximum size for which eddies are considered isotropic. 

The SPC codes employ modulated transfer function (MTF) calculations to compute 

adaptive optics effects, so that the turbulence is effectively due to a phase screen at the 

aperture. This may be compared with the techniques used by other codes such as FOURD 

(Fleck et al., 1970, 1977) in which a random phase screen is introduced at each point of 

propagation of the laser beam. The use of a single phase screen at the aperture is not a 

serious difficulty with the model if it were simply calculating effects due only to turbulence 

and the corrections required. However, the coupling of the "linear" turbulence with those 

of the non-linear thermal blooming require the use of coupled phase screens and thermal 

blooming calculations at each point of propagation. These codes do not and cannot couple 

these two effects. This will be discussed in detail later along with thermal blooming. 

A Kolmogorov spectrum is usually utilized by models of atmospheric turbulence. How

ever, values of the inner and outer scales of turbulence are imprecisely known. Indeed, 
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Figure 1. Ratio of peak intensity at target distance of 10 km to peak intensity of diffraction 
limited beam without turbulence as a function of C„ at sea-level in the SPCl and SPC2 
codes. The intensity units are normalized to the peak intensity for C„ - 1.0 X 1 0 - 1 5 m~2,3 

at sea level. 

measurements of the structure constant, C„, may vary by as much as an order of magnitude 

at a particular point in the atmosphere with time of day or season. The SPCl and SPC2 

codes use a function for C£ called CN2 in which Cn exponentially decreases with height 

at a particular latitude and has a tropospheric spike. A default value of C„ == 5.0 x 10" u 

m ~ 2 / a at sea \eve\ is buirt into the codes with C^ - 8.0 x 10" n m""^ 3 in the troposphere 

spike region. The codes use experimental parameters, which due to the lack of certainty of 

measurements, may be in error by an order of magnitude. Figure 1 shows the variation in 

turbulence as a function of the sea-level value of C„ which then varies exponentially with 

height as prescribed by the codes. It is important to note the extreme sensitivity of the 

code to the sea-level value of C n . A factor of 5 change in the default value of 5.0 x 1 0 ~ H 

in yields a variation in the intensity of the laser of more than an order of magnitude 

at the target. 
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Optical turbulence uncertainties are dominated by input uncertainties: there are also 

some processes not included in the model. For example, as shown in Figures 2 and 3, 

the index of refraction structure function C* varies from 10 i 5 to 10 l 9 at night above 

Haleaiala Observaton' [Ochu, et al., 1976), Though optical turbulence usually decreases 

with height above the surface and then increases to high levels at the jel stream, this too 

varies from night to night. Values are often several orders of magnitude higher during the 

day than at night. Since adaptive optics will be depended on to compensate as much as 

possible for optical turbulence and thermal blooming, it is important to understand how 

the altitude of absorbing and/or turbulent layers affect this compensation. This is not 

presently in the codes. Deviations from Kolrnogorov turbulence spectra at the outer and 

inner scales will probably be a relatively small effect, but deseTves some investigation as it 

was not included in the models on which the effect of optical turbulence was based [Hill 

and Ochs, 1978. and Canuto and Hartke. 1986). 

Figure 2. Typical optically measured C£ vertical profiles at Mt. Haleakala, Hawaii. Each 
curve is the average of the measurements of a single evening. The dashed line represents 
the statistical average profile of Hufnagel's latest model (from Ochs et al., 1976). 
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Figure 3. Typical variation of the vertical C}, profile in a single evening (from Ochs et a]., 
1976). 

The optical turbulence portions of the SPC codes were tested alone by turning off 

all effects due to thermal blooming. The resultant reduction of intensity at the target 

due to turbulence was determined for a number of parameters and compared with the 

results of the FOURD propagation code. Although both codes assume a Kolmogorov 

spectrum, FOURD imposes a phase screen at every point of propagation and calculates 

the non-uniform intensity profiles perpendicular to the direction of propagation. These 

non-uniform phase and amplitude distortions, as calculated in the FOURD code, should 

yield a more degraded laser beam with distance compared to the SPC codes. Any variation 

with turbulence affected by amplitude or saturation effects which may enter as C\ increases 

in value, or equivalently for large distances at which amplitude effects will eventually be 

non-negligible, will strongly effect the computed turbulence. 

As a check on the internal consistency of the codes, SPC1 was run to determine tur

bulence as a function of power with all other variables constant. Figure 4 shows the ratio 

of the turbulent spread diameter of the beam at the target to the initial target diameter 

at a distance of 5 km as a function of power of the laser beam. Although the SPC codes 
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Figure 4. Ratio of the diameter of the turbulent spread beam to the diameter of the initial 
beam as a function of power of the laser beam. The target is at 5 km, the wavelength 
A = 2.8 iim and C% = 1.0 x 10~ H m~ 2 / 3 . 

calculate turbulence through MTF calculations, a beam spread is calculated in the PM-

TUR subroutine in which the SPC1 output variable BETAT, the beam spread angle, is 

calculated. Figure 4 shows that the turbulence, as expected, does not vary as a function 

of power of the laser beam. In Figure 5, a comparison between the effects of turbulence 

as a function of distance is given fox the SPC codes and the FOURD code. It should be 

noted that the Strehl ratio plotted for the FOURD code is computed through the Fourier 

transform of the power spectrum and is a measure of the field which should result due to 

the turbulence at a given distance. The ratio in the SPC codes is calculated at the target 

by the use of MTF calculations. At distances greater than ]0 km, the SPC codes appear 

to underestimate the contribution of turbulence, dui- at least to the use of amplitude -

saturation approximations. Figure 6 gives the comparison between the SPC and FOURD 

codes for turbulence as a function of wavelength, for a 41.4 Mw Continuous Wave (CW) 
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Figure 5. Comparison of variation of turbulence with distance between SPC codes and 
three-dimensional propagation code. This case is for A = 3.82 pm, a 4.41 MW CW laser, 
a.ndC£ = 1 . 0 x l O - 1 4 m ' 2 / 3 . 

laser at 5 Jem with C\ = 1.0 x 1 0 " H m'*'3. The S7C codes agree well with the FOURD 

code in the functional dependence of turbulence on wavelength. 

It is apparent at this preliminary junction t h i ; the turbulence portions of SPCl and 

SPC2 may have a serious deficiency. Variations in the structure constant, C„, may provide 

an uncertainty of at least an order of magnitude. Further studies of the variation of 

turbulence as a function of C£ are required. As an alternative to using the functions given 

in the code, a subroutine should be written that enables the user to provide reasonable, 

experimentally observed values of C;i at a particular site. 

fiinrc the SPC! rocU'h arc iixinlly synmn'lrir, i-xnct. oitculiil.ii'iir. of liii-ruml liluouiinn 

cannot be directly performed. In ord r to determine the effects of absorption on the index 
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Figure 6. Comparison of effects of turbulence as a function of wavelength between SPO 
codes and the •three-dimensional propagation coile. This case is for C£ — 1.0 x l O - 1 4 m - 2 ' 3 , 
and a 41.4 Mw CW laser at a target distance of 5 km. 

of refraction and thereby on the phase and amplitude of the propagating electromagnetic 

waves, a. fall three-dimensional calculation must be performed. The SPC codes sidestep 

these calculations by computing a thermal blooming parameter which is a function of the 

relevant variables in the problem including wavelength, beam radius, intensity, index of 

refraction, net CTOSS wind perpendicular to the propagation direction and range and focus 

distance. This technique was developed by Smith (1977) and validated numerically against 

a full three-dimensional propagation cede. The thermal blooming parameter is calculated 

in the subroutine BLOOMA, in which the vaviables are initialized, and BLOOMB, in which 
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the blooming parameter is calculated. The blooming parameter, Nfl, is given by 

»..wf W *>[fsi$$Mi*; dt 

where Nc — ~ftP0/[irnaCp) is a non-dimensional atmospheric constant and 

dn/dt = change of the refractive index with temperature 

PD = unit or reference power level (e.3., 1 MW) 

n = atmosphere index of refraction 

a = atmosphere density 

a = absorption coefficeint 

v = net cross wind velocity 

-7 = total, extinction coefficient 

r = beam radius 

Cp = atmosphere specific heat; 

Np — 2nr2/{XZRBQ) is the Fresnel number with 

r0 — e _ 1 intensity radius of an infinite Gaussian beam 

A = wavelength 

Zjt = range and focus distance 

BQ = beam quality; 

P is the initial power in PQ units (e.g., Mw's); 

The calculation of N# through simple trapezoidal integration in subroutine BLOOMB 

is then used to calculate the far-field thermal blooming. The parameter Ng was fit to 

thermal blooming calculations by computing thermal blooming using two different three-

dimensional optics propagation codes. Results are presented in detail in Barrett et al., 

(1986). The function Rt = 71x330 \t w a s n * *° t n e data to determine the constants a and 

b for different propagation scenarios. R a is the Strehl ratio, the ratio of far field peak 

intensity with thermal blooming to the peak intensity without thermal blooming. A table 
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of the constants a and b is given in the subroutine BLOOMC for a Gaussian and a uniform 

beam with a range of obscuration ratios. 

Since the SPC codes do not calculate the propagation of the laser to a particular 

target as a function of time, an approximation must be applied to pulsed laser beams. The 

technique used is due to Smith (1977), in which a repetitive pulse function is used in the 

subroutine BLOOMB. This is defined by 

g (z)— I - -9/Np for repetitive pulse propagation, in which .9/N p < 1 

— 0 for repetitive pulse propagation, in which .9 /N p > 1 

= 1 for continuous wave (CW) propagation 

where N p = 2 s/2 r (z) (pulse repetition frequency) /v and r (z) is the beam radius at the 

distance z. 

The velocity v enters into the thermal baooming calculation through both the blooming 

parameter, Nfj, and the pulse parameter, jSfp. In both cases it is the net cross-wind 

velocity which is a result of the relative slewing velocity between device and target and 

the component of the wind field perpendicular to the propagation direction of the beam. 

Within the SPC codes, the wind field is given as a particular mono-directional function with 

height. The effect of dividing by the velocity in the thermal blooming calculations makes 

the use of proper wind fields essential, especially if the relative slew rate between device and 

target is ^e^o or near zero. For example, for the case of a ground based laser propagating 

to a relay in geosynchronous orbit, the transit time across the beam would be determined 

almost solely by the wind field. Values of zero wind at any point in the atmosphere give 

undetermined results for the beam. The extreme sensitivity of thermal blooming to low 

net cross-wind velocities may be seen in Figure 7. The Strehl ratio is plotted against a 

constant net cross-wind velocity for a 41.4 Mw CW laser, with A = 1.06 nm, C£ = 0.0, 

and constant absorption cross-section of 1.0 x 10~ 9 cm~', at a range of 1 km. The beam 

diameter is one meter. As the velocity drops from 5 m/s to 1 m/s , the Strehl ratio increases 

by more than two orders of magnitude. In addition ( t h e effect of wind shear on a real beam 
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Figure 7. Strehl ratio versus constant net cross-wind velocity. This case is for 41.4 Mw CW 
laser, with A = 1.06 |im, C\ — 0.0, and with constant absorption coefficient of 1.0 x 1 0 - 9 

c m - 1 . The range is 1 km. The beam is focused at the target, 

would be to cause increased distortion of the phase contour, thereby further degrading the 

beam. It is also suggested that the VWIND subroutine be rewritten to incorporate a wind 

field of choice to the user. This input wind field would be that appropriate to the site or 

to the limits of overall uncertainty. Besides wind speed effects, the model presently is not 

capable of dealing with wind directional shear effects. These will result in beam bending 

effects which will vary as the directional shear varies in time. Further work must also be 

performed using a three-dimensional propagation code to parameterize the effects of wind 

shear. 
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The effects of intrapulsc blooming is computed within the SPC codes in the PMSPBL 

subroutine. The model differentiates between a regime in which the pulse length time is 

less than the hydrodynamic transit time and a long pulse regime in which the time of pulse 

length is longer than the hydrodynamic transit time across the beam. The effects of ozone 

on thermal blooming are computed in the subroutine OZONE. Theie exists a coinbination 

of both an increase in thermal blooming due to the equivalent absorption coefficient in 

ozone dissociation and the reduction of thermal blooming, or ozone bleaching, in that the 

absorption is reduced by the dissociation of ozone. 
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Figure 8. Comparison of effects of thermal blooming for an initial unfocused beam of I 
meter diameter at 10 Kw/cm 2 power, with A = 1.06 /jm, for no turbulence, as a function 
of a constant absorption cross-section at a target distance of 1 km. 
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Figure 9. Comparison of SPC and FOURD codes for combined effects of thermal blooming 
and turbulence for an initial unfocused beam of 1 meter diameter, intensity 10 Kw/cm 2 , 
with A — 1.06 urti, and Cj; = 1.0 x l O - 1 4 m~2?3 taken as a function of a constant absorption 
cross-section at a target distance of 1 km. 

In order to evaluate the effectiveness of the SPC codes to compute thermal blooming, 

the codes were modified in two ways. The SPCl code was written to have a single, 

constant absorption coefficient and a single uniform wind field. In this way, the complex 

variation of thermal blooming was reduced to a minimum of variables. Figures 8 and 9show 

the comparison of the effects of thermal blooming alone and thermal blooming coupled 

with turbulence respectively for unfocused beams. The Strehl ratio is plotted against the 

constant absorption coefficient for both series of cases for an initially 1 meter diameter, 

10 Kw/cm 2 ,A = 1-06 //m laser targeted at a range of 1 km. The results of rompariiiR 

thermal blooming alonr for unfocused beams in the SPC codes against thermal blooming 
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in the 3-dimensional optics propagation code indicate reasonable agreement between the 

rodes. 

However, the combined effects of turbulence and thermal blooming, as represented 

in Figure 9, show significant differences between the SPC codes and the FOURD codes. 

Within the SPC codes, the turbulence is computed first for the full range and the thermal 

blooming is then calculated from the turbulent spread beam. This will always give rise 

to lower combined effects than in a full thrfe dimensional optics code, since the thermal 

blooming is proportional to the intensity, which will be reduced as a result of the spread 

beam. In fact, the combined effects produce increased phase and amplitude distortions, 

which result in decreased Strehl ratios. This effect may be noted in Figure 9. In order to 

appropriately combine the effects of turbulence and thermal blooming in the SPC codes, 

two recommendations are made, The first is that the thermal blooming be computed 

within the SPC codes at each step increment of the beams path. Then looping between 

the turbulence and thermal blooming calculation should increase ; he effect of thermal 

blooming since the calculation will not be performed on the fully spread beam. Secondly, 

it is recommended that additional parameterization should be performed on scenarios 

involving the combined effects. 

2.2 Aerosol and Non-linear Atmospheric Effects (W. Porch) 

The following constitutes a preliminary review of the aerosol and non-linear atmo

spheric effects included in the optical extinction thermal blooming and optical turbulence 

estimates in the SPC models. This review is based soldy on the documentation of the code 

provided by UTRC (Barrett et aj„ 1986). The code appears at this point to approach the 

optical propagation through the atmosphere at a level of sophistication ideal For isolat

ing the relative importance of parameters included in the model and as a framework for 

including effects of potential importance which are not now in the code. However, even 

a preliminary review indicates that little confidence should be given to the absolute final 
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values produced by the code for laser wavelengths where aerosol effects dominate. Part of 

this is due to potentially important effects which are not included in the model. The major 

difficulty arises not from the code but the general level of scientific ignorance of aerosol 

absorption, aerosol chemical composition in remote locations, and induced non-linear ef

fects. 

The aerosol optical extinction coefficient at locations well removed from locai combus

tion and natural aerosol sources (such as windblown dust or clouds) has a characteristic 

background value between 1 X 10" 7 and 2 x 10" ' m ' (Porch cl al., 1976). Aerosol 

absorption in such locations is about 10% of total extinction (Clarke and Charlson. 1985). 

This percentage has been measured to range from 1 to 209f depending on location and 

season i.e. remote Western U.S. in winter (Twoney, 198G) verus remote arctic air in spring 

(Shaw and Stannes, 1980}. These values are too small to have a significant effect in direct 

ground-based laser beam extinction. However, in many regions of the spectrum, aerosol 

absorption is the dominant mechanism leading to atmospheric heating causing thermal 

blooming at high laser intensities. Aerosol scatter and absorption also influence air break

down, aerosol induced Raman scattering (not currently included in SPC codes), and local 

air density variation affecting optica! turbulence. An uncertainty range greater than two 

orders of magnitude in these input parameters (i.e., C&, aerosol absorption coefficients) 

will have a large effect on the uncertainty associated with the code output for wavelengths 

where aerosol effects dominate. Added to the uncertainty associated with the atmospheric 

absorption coefficient is the uncertainty in the efficiency and time dependence of energy 

transfer from the aerosol particle to the surrounding air. The UTRC calculations show a 

~ 1 order of magnitude variation between small dry particles and wet large particles. If 

the small dry particles actually consist of elemental carbon with pyrolyzable hydrocarbon 

coating (Zuev et al., 1985), this difference could spread to two orders of magnitude. This 

assumes a hydrocarbon radius of over three tiroes that of the elemental carbon and ab

sorption in the volume dominated region of the size spectrum. Shape and light focusing 



effects could make these differences even greater. Another uncertainty is the relative con

centration of supermkron sized aerosols in the atmosphere. These aerosols dominate air 

breakdown and beam path modification due to aerosol heat transfer. 

It is important to remember that we have been discussing orders of magnitude uncer

tainty in the input parameter to the SPC codes. This does not necessarily translate to the 

same uncertainty in the interpretation of the mode] output. The ultimate impact of the 

uncertainties would depend on the specific laser system design. 

Other potentially important processes are not addressed in the model (though they will 

probably contribute less than the natural variability described above). These processes 

include the following (along with the appropriate subroutines in the SPC codes); 

1. Aerosol shape, density and chemistry effects on the transfer of absorbed energy to air 

heating (AERABS, AINIT) and air breakdown processes (AIRBD). 

1. Non-uniform aerosol illumination and chemistry effects; these result in less efficient 

energy transfer to the air (again AERABS, AINIT, ALFAVES) for combustion and 

detonation in airbreakdown (AIRBD, LPC, LPD, SPC and SPD). 

3. The real index of refraction effects, associated with wetted aerosols in focusing or 

dofocussing light, changing the effective absorption and related breakdown effects 

(PMAER RHCORR, AINIT, AERPLS, AERCW). 

4. The effect of temperature, water vapor and pressure waves eminating from expanding 

aerosols in increasing index-of-refraction variation (CN2). 

5. Aerosol induced Raman scattering (PRAMAN). 

Along with these major uncertainties in processes affecting the resu'ts of the SPO 

codes are some minor difficulties associated with the models which will require relatively 

simple improvements to the codes. The first improvement would come from the fact that 

in the visible and near infrared, with the exception of relatively discrete liquid water 

absorption regions near 0.7^m and 0.8/jm, almost all aerosol optical absorption comes 

from soot either alone or as an inclusion with other material. The soot however has very 
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little effect on the overall extinction. The SPC models ctirrently appear to overestimate 

the natural (unperturbed by major volcanic eruptions) stratospheric aerosol absorption. 

These aerosols normally consist of sulfuric acid aerosol with some ammonium sulfate. 

The total extinction due to scattering would be increased with the inclusion of these 

hygroscopic nuclei, but the thermal blooming, which is related primarily to the absorption 

would largely be unaffected, Combined, these aerosols would have an imaginary index of 

refraction of less than 10~ e (Toon and Pollack, 1976 and. Palmer and Williams, 1975). A 

modification allowing relative soot concentration adjustment with height would also allow 

parametric studies of soot layer effects. There also appears to be an error in the wavelength 

dependence of absorption for the volcanic and sea spray components of extinction. This is 

caused by assuming the wavelength dependence of absorption is the same ?s the wavelength 

dependence of extinction. This is not usually the case because the extinction can be 

dominated by scattering with a high negative exponent wavelength dependence actually 

allowing for a small positive exponent for absorption. This is vended by Mie theory for 

fairiy large long residence time aerosols with index of refraction n = 1.5 0.05 i (Porch 

and Penner, 1986). Two important non-absorbing layers include subvisible cirrus and 

noctilucent clouds. Subvisible cirrus clouds occur frequently at midlatitudes (Uthc. 1978) 

and could have a significant scattering effect on ground based lasers. 

2.3 Stimulated Raman Scattering and Other Processes (J. R. Ipser and D. J. Wuebbles) 

In this section, we focus on stimulated Raman scattering and the effects from several 

other processes that are of potential importance in connection with laser propagation 

through the atmosphere. In particular, we will give a short discussion of the effects of 

self-focusing and multi-photon absorption processes. Further descriptiou of the theoretical 

considerations appropriate to these processes is given in Appendix B. Of the processes to 

be discussed, only stimulated Raman scattering appears to be treated in the existing SPC 

codes. 
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The subroutine PRAMAN determines thp effect of stimulated Raman scattering in the 

atmosphere. Some of the variables used aic the following: 

RSCM = frequency shift in cm" 1 = bvjc, where 

bis = frequency shift and c = speed of light; 

= incident laser beam wavelength A^ in microns; 

= scattered wavelength \ s in microns: 

= altitude in meters: 

- gain breakpoint = valuo of H above which 

doppler-broadened line-profile width exceeds pressure-broadened 

width; 

= Raman gain factor g in units c m - 1 ; 

= peak incident laser intensity Ii in watts cm" 2 ; 

= change in beam pathlength in meters; 

= path length in meters. 

Other variables will he defined at appropriate stages. 

The subroutine sets Su/c = 232S cm~l. This, however, is the frequency shift appropri

ate to vibrational Raman scattering off N2, while it is known Averbakh tt al. (1978) that 

rotational scattering dominates at pressures below a few atmospheres thus the appropriate 

value is bv/c — 76 cm1 (or 92 cm'1), thai associated with scattering from the level J 

= 8 ( or J — 10), which yields the largest Raman gain. Here J is the rotational quantum 

number. 

The Raman gain g is of the form (see above) 

RLAMBA 

RLAMRS 

H 

GBKr-T 

GS 

XII 

DZ 

Z 

d l yY Ik 
9 < x dn&v\L 

where dc/dil = differential cross section. 

N = number density of .V2 molecules, and 

£.vjc — linewidth. At low altitud's, pressure broadening 

dominates, which implies that Avjc rx N there. 
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Hence the dependence on density cancels out at low altitudes, and the subroutine assigns 

the value 

g (or GS) = L l S x l O ^ X j — T - ' ? x / / x 10" 6 cm ' . (A2) 
v (A^/l micron) 

This value can be compared with the value obtained by Averbakh et al. (1978). Scaling 

their value from A/, = 0.53 jim to 0.35 fim, and multiplying by 0.8 to compensate for 

the fact that they consider a gas of pure .\'2 rather than a standard atmosphere, we find 

that, their value of the cross section do/dfl is. smaller than that used in PRAMAN by a 

factor =t 3/2. Since this is the ratio of the cross sections for circularly polarized and plane 

polarized incident radiation, we conclude that PRA4MAN uses a value of the cross section 

appropriate to circularly polarized incident radiation; and hence that for plane polarized 

incident radiation the cross section, and also the gain g (or GS), of PRAMAN should be 

reduced by a factor of 3/2. 

For the doppler broadened profile, .Ai'/j/c, PRAMAN assigns the value 

A»D/c* 0.85 x 1 0 " 5 A ^ . (A3) 

If we say Ai/rj/c ^ o. v/cXf,. where v=s average molecular velocity, and a is a constant, 

then PRAMA.V uses a v « 2.5 x 10 5 cm s - 1 . PRAMAN assumes the pressure broadened 

profile is 

A f p / C a: O.OSe- 9- 6* 1 0 '*" crn^ 1 . (44) 

Appearing in this equation is the scale height pa 10.4 km that PRAMAN assigns to the 

atmosphere. It would appear that this scale height is somewhat large: it exceeds more 

commonly used values by about 20 to 30 percent. 

PRAMAN makes the transition from pressure broadening to doppler broadening sim

ply by finding the value GBKPT of altitude H at which Ai/p/c — At/p/c and by using 

At/p/C for the line width above this altitude. A better way to proceed is the following: 

For doppler broadening use a Voigt profile, obtained by convolving the doppler function 

with the natural line profile. Then compare this Voigt profile with, or even convolve it 
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with, the pressure broadened profile in order to obtain the correct profile. It is doubtful, 

however, whether the approximation in PRAM AN introduces errors > 20 percent. 

FRAMAN also calculates ZCL, the value of the pathlength Z, at beam center, at 

which conversion via stimulated emission has occurred. It is assumed that significant beam 

depletion has occurred onre / gdz readies the value 30. This value is chosen arbitrarily, 

but it appears reasonable.. 

In addition. PRAMAN calculates DEFL, the difference in distances to points of equal 

phase at beam center and at the edge of the conversion region. This is used subsequently 

to calculate the defocusing length FLN. The line shift 6u enters essentially in a linear way 

into these qualities, so it is important to u.ie the correct rotational Si/. Recall that the 

vaiue used in PRAMAN is incorrect by a factor =: 30. 

PRAMAN' neglects several potentially important effects, e.g. self-focusing, Raman 

scattering of water vapor or aerosols, multi-photon processes, interactions among different 

Raman transitions, Stokcs-anti-Stokes coupling, and the transient Raman effect. For ex

ample, as discussed in Appendix A, self-focusing will increase the incident intensity and 

hence the Raman gain, leading to subsequent defocusing. Mixing of waves from different 

rotational modes can produte lines that seed other modes, yielding complex couplings. 

If the pulse length is sufficiently short, tb-2 transient Raman effect becomes important, 

thereby inducing the Raman gain. Simple estimates suggest that transient effects will be 

important for pulse lengths < 1-2 ns. Further work is needed to assess the precise im

portance of all of the above effects and to determine how to incorporate them into the 

models. 

Up to now nonlinear photon processes (e.g., two-photon absorption) have been ne

glected in the SPC codes. We need to do further analysis to determine their potential 

importance. An important question is whether the energy-level structures for the relevant 

species are such that nonlinear photon processes can proceed at a nonnegligible rate (see 

Appendix B). This should be investigated. 
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2.4 Moiecular Absorption and Scattering, Atmospheric Structure 
(P. S. Connell and D. J. Wuebbles) 

Four major processes are included in the SPC1 propagation model treatment of the 

effects of gas phase components of the atmosphere. These are molecular (Rayieigh) scat

tering, which contributes to simple extinction of the beam intensity; molecular absorption, 

contributing to extinction of the beam; molecular absorption, contributing to thermal 

blooming (changing the atmospheres refractive index with heating); and stimulated Ra

man scattering, contributing to extinction of the beam. Absorption by ozone is considered 

as a special case, included both in the molecular absorption terms and separately as a 

bleachable absorber. 

The first considerations in evaluating the molecular aspects of the propagation mod

ule were the choice of model atmospheres in ATMC, whether the species abundances and 

ozone absorption cross sections were correct, and whether significant species were omitted 

from the absorption coefficient calculation in MOLCUL Some confusion in units con

version factors for abundance and absorption coefficients was also encountered in several 

subroutines. 

The subroutine ATMC determines the altitude distributions of temperature, pressure, 

ozone concentrations and water vapor concentrations for five standard atmospheres, with 

a sixth providable by the user. The five standard atmosphere used were developed by the 

Air Force Geophysical Laboratory (Valley, 1965; McClatchey et al., 1971; McClatchey and 

D'Agati, 1978). They apply to the tropics (15°), midlatitude (45°) summer, midlatitudes 

winter, subarctic (60°) summer, and subarctic winter. In the i-odes, simple parameterized 

fits are used to determine the distributions. Analysis of these parameterizations indicated 

minor differences in the derived temperatures, pressures, and air densitites from the stan

dard atmospheres they are based on. Differences as large as ± 0.5 K were found between 

the derived and reference temperatures, and ± 2% in the pressures. In addition, only very 
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minor differences a/e found between the standard atmospheres used here for temperature 

and pressure and those found in other published literature. 

Of much more importance is that the model atmospheres as used in the SPC codes only 

extend to 30 km. It is important that these atmospheres be extended to much higher alti

tudes (e.g., 100 km), This is particularly important to determining the beam propagation 

effects due to stimulated Raman scattering and to molecular absorption and scattering. 

As an example, at nidlatitudes, approximately 20% of the ozone in the atmosphere exists 

at altitudes above 30 km. Therefore, total transmission, particularly at low wavelengths of 

< 0.4/i, would be strongly affected by increased ozone absorption if more of the atmosphere 

were accounted for in the codes. 

The standard atmosphere for the trace constituents O3 and H 2 0 should be updated. 

In particular, the water vapor concentrations assumed from the AFGL references for the 

stratosphere are much too large (~ 43 ppmv at 30 km) compared with recent observation 

(~ 0 6 ppmv). The subroutine ATMC also assumes constant mixing ratio profiles for 

N 2 0 . CO, CH 4 , C 0 2 , and 0 2 . While N 2 0 , CH 4 , and CO do not have constant mixing 

ratios in the stratosphere (and for CO, in the tropjsphere as well), the impact of this 

assumption is probably small. However, the N 2 0 mixing ratio of 0.2S ppmv is too small; 

recent measurements indicate a surfa« 2 mixing ratio of 0.30 ppmv for N 2 0 . At wavelengths 

greater than 0.55e, the molecular absorption coefficients in the code are based on the 

AFGL LASER code (McClatchey and D'Agati, 1978). We have not looked at the LASER 

model in detail and have assumed the results are accurate. At lower wavelengths, only O3 

absorption is included. The ozone cross-sections used in the model (Figure 11) compare 

well with those currently used in the LLNL transport-kinetics models (see Figure 10). 

However, due to an error we found in the transformation of the ozone concentrations form 

the units gm/m 3 to molecules/m J in the subroutines EXTTAB and OZONE, the ozone 

absorption in the codes was being underestimated by a factor of 100. Sensitivity tests of 

the impact from correcting this error will be discussed in Chapter 3. 
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Figure 11. Absorption cross-section for ozone as represented in the SPC models. The base 10 logorithm of the cross-
section (in molecules c m - 2 ) is plotted as a function of wavelength. 



To investigate whether significant contributors to linear molecuJar absorption pro

cesses were being neglected, we used the current version of the LLNL 1-D photochemical 

transport-kinetics model of the troposphere and stratosphere (Wuebbles in WMO, 1985; 

Connell and Wuebbles, 1986; Grant et al., 1986) to obtain vertical abundance profiles in 

the ambient atmosphere of species, not included in SPCl, with visible and near uv ab

sorption bands. The profiles were chosen from the diurnally varying version of the model 

to maximize the species abundance and thus represent atmospheric conditions at various 

times of the day or night for the individual species. The extinction in units of k m - 1 was 

calculated as a function of altitude for X 0 2 l N 0 3 , and H 2 CO (formaldehyde) at several 

of the SPC1 visible and uv laser wavelengths and compared to extinction from processes 

already included in PRPMOD. 

Figure 12 shows that, at the appropriate wavelengths and altitudes, absorption by both 

NO2 and N 0 3 can be of similar magnitude to aerosol and ozone absorption and Rayleigh 

scattering. Both of these species are generated in the atmosphere through photochemical 

processes and the scale height prescription in MOLCUL for treating absorption by species 

other than ozone would be inappropriate. However, both species could be included fairly 

straightforwardly in the same way as ozone is currently treated, with some consideration 

of the non-zero photolysis and fluorescence quantum yields. 

3. S E N S I T I V I T Y T E S T S 

For several particular laser propagation scenarios, as depicted in Tables 1 through 

4, we examined the sensitivity of the SPC codes to the various atmospheric effects they 

include. For each of these sensitivity calculations, the Tables present the resultant fraction 

of transmission (labeled T, includes all molecular and aerosol absorption and scattering), 

the Strehl ration for thermal blooming {R,}. the Strehl ratio for Raman scattering (RR], 

the spread due to optical diffraction (0jj), and the spread due to turbulence (0T)-
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Figure 12. Extinction at selected wavelengths due to absorption by 0 3 , N 0 2 , N 0 3 , and 
H^CO, vs. effects of Rayleigh scattering. Extinction values derived as a function of altitude 
using results from LLNL one-dimensional transport-kinetics model of the troposphere and 
stratosphere (Connell and Wuebbies, 1986; Grant et a!., 1986). 

As mentioned in the previous section, it was discovered the ozone absorption was being 

underestimated by a factor of 100 in the SPC codes due to an incorrect transformation 

from gm/m 3 to moiecules/m 3. In Tabic 1, a comparison is made between calculations 

with the SPCl model for cases with and without this error corrected. Also included in 

the Jafter corrections" case are corrections to programming errors found in the thermal 

blooming subroutines. These calculations assume a 100 Mw laser focused to a diffraction-

limited beam at 100 km, with an initial diameter of 5 meters, propagating vertically from 

the ground to a target at 100 km. Four different beam wavelengths were examined, ranging 
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From 0.308/xm to 1.315jim. As expected, the increased ozone absorption had a substantial 

effect on the transmission of the beam at the lower wavelengths. As seen in Table 1, the 

fraction of beam transmitted to the target decreased by a factor of 4, from 0.236 to 0.060, 

after the correction was made. Significant effects were also found in the Strehi ratio foT 

thermal blooming. This is due to the increased local heating following the increased ozone 

absorption as well as the improvements made to the thermal blooming parameter (this 

latter is particularly obvious for the higher wavelengths). 

For the corrected case of the same scenario, Table 2 shows the additional effects from 

other processes. Note that for this case, there is no effect from Raman scattering. This 

is not surprising, since we found in our calculations, and in agreement with the discussion 

in Barrett et al. (1986), that Raman scattering for a 100 km target does not occur until 

the beam intensity is greater than approximately 1 M w / c m l Therefore, in the scenario 

calculated here, the Strehi ratio is 1. 

For the beam diameter of 5 meters, the spread due to turbulence was found to be much 

larger than that due to diffraction. Note that since the spread due to diffraction is pro

portional to A/D, where X is the propagation wavelength and D is the beam diameter, the 

results show the diffraction spread increasing proportionally to the increasing wavelength. 

For this scenario, the results in Table 2 indicate that the absorption processes, primarily 

due to ozone, dominate the beam degradation at low wavelengths, i.e., 0.308fzm. At higher 

wavelengths, thermal blooming is the dominant process for this scenario. We can estimate 

the degradation due to the spread by noting that the spread angle a can be approximated 

by 

tan a s j a = j a 

where r is the radius of the spread in the beam, and d is the distance from ground to 

target. The beam degradation due to the spread can be approximated by 

(D/{2r + D))2 
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Table 1. The transmission and the thermal blooming Strehl ratio before and after correction of underestimation of ozone 
amount by factor of 100 due to incorrect transformation, and corrections to programming errors in the thermal blooming 
parameter. The calculations assume a 100 Mw focused CW laser propagating vertically from the ground with an initial 
diameter of 5 m to a target at 100 km. 

Thermal Blooming 
R, (before) R, (after) 

0.893 0.600 

0.498 0.241 

0.372 0.194 

0.344 0.191 

Wavelength 
A(jim) 
0.308 

Transmission 
T (before correction) 

0.236 
T (after) 

0.060 

0.656 0.749 0.735 

1.06 0.882 0.882 

1.315 0.894 0.894 



Table 2. Atmospheric effects due to transmission, thermal blooming (Strehl ratio), Raman scattering (Strehl ratio), plus 
spreail from diffraction and from turbulence for 100 Mw focused CW laser propagating vertically from the ground, with 
an initial diameter of 5 m to a target at 100 km. 

Wavelength Transmission Thermal Blooming Raman Scattering Diffraction Spread Turbulence Spread 

Hum) T R, RR pD (ii rad) 0T (a rad) 

0.308 0.060 0.600 1.00 0.0616 5.54 

0.656 0.735 0.241 1.00 0.131 4.76 

1.06 0.882 0.194 1.00 0.212 4.32 

1-315 0.894 0.191 1.00 0.263 4.14 



where D is the initial beam diameter. This degradation is then approximately equivalent 

to 

l / ( 2 f t i + l ) s , 

which for d = 100 km, D = 5 m and a — 5 fi, gives a degradation [or equivalent Strehl 

ratio) of about 0.694. Thus, for the scenario tested, the effects due to turbulence are 

important, but they are not as large as those due to absorption (at laser wavelengths) or 

thermal blooming processes. 

The scenarios used in the calculations represented in Tables 3 and 4 are based on 

scenarios with 50O and 1000 Mw beams, respectively, focused at the 100 km target, with 

an initial diameter of 0.1 m. The decrease in diameter from the 5 meter case to 0.1 

meter increases the diffraction spread by a factor of 50, as expected. However, the high 

intensities assumed results in the effects from diffraction and turbulence produced spread 

being totally overwhelmed by the effects of thermal blooming and by Raman scattering. 

As discussed earlier, the thermal blooming is proportional to the intensity multiplied 

by the clearing time of the beam, and is inversely proportional to the beam diameter for 

a given power and absorption coefficient. As a result, the thermal blooming increases 

dramatically between Table 2 and Tables 3 and 4 as power increases and the diameter 

decreases. The effect is non-linear and must be integrated over the path of the propagating 

beam. 

The high intensities used in the scenr.rios calculated for Tables 3 and 4 were chosen 

to indicate the importance of effects due to stimulated Raman scattering. The stimulated 

Raman scattering becomes evident for the 500 Mw beam at wavelengths of 0.308 / id and 

O.606 /iin, and is important for these wavelengths plus for the 1.06 fim calculation of the 

1000 Mw beam. However, for each of the cases, the effects of stimulated Raman scattering 

are orders of magnitude smaller than the effects due to thermal blooming. While the 

degradation of the beam is large in the cases where Raman scattering is initiated, it is 

surprising the find the beam much more degraded by thermal blooming. After all, in 
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Table 3. Atmospheric eifects due to thermal blooming, Raman scattering, plus spread from diffraction and from turbu
lence for a 500 Mw focused CW laser, initially at 0.1 m diameter, propagating vertically from the ground to target at 
100 km, 

Wavelength Thermal Blooming Raman Scattering Diffraction Turbulence 
X[nm) R, RR j3D((iT&d) /3 r(/i rad) 

0.308 7.5 x 1 0 - 1 2 1.9 x l O " 8 3.08 5.54 

0.656 4.0 X 1 0 ~ 1 2 1.4 x l O " 7 6.56 4.76 

1.06 1.1 x l O " 1 1 1.0 10.6 4.32 

1.315 2.2 x 1 0 " 1 1 1.0 13.2 4.14 



Table 4. Atmospheric effects due to thermal blooming, Raman scattering, plus spread from diffraction and turbulence 
for a 1000 Mw focused CW laser, initially at 0.1 m diameter, propagating vertically from the ground to a target at 
100 km. 

avelength Thermal Blooming 
R. 

Ri iman Scattering 
RR 

Diffraction 
0D(H rad) 

Turbulence 
Pr(p rad) 

0.308 3.6 x 10" " 1.6x10 a 3.08 5.54 
0.656 1.3 x 10~ 1 2 2.2 x 10 8 6.56 4.76 

1.06 2.0 x 10" 1 2 5.7 x 10" s 10.6 4.32 

1.315 3.9 x 10~ 1 2 1.0 13.2 4.14 



consideration of the actual time-dependent case (note: the SPC codes are steady-state 

only representations), the onset of the Raman scattering process should degrade the beam 

near instantaneously compared with the slower thermal blooming process. Therefore, 

Raman scattering should be the dominant process under these conditions. However, as 

discussed earlier, there have been a number of problems discovered in the treatment of 

these processes in the SPC codes. In addition, when either the effects of thermal blooming 

or Raman scattering become large, the beam will not deposit significant energy on the 

target. In that case, it may not matter that the exact numerical comparison of the two 

processes is inaccurate. 

4 . S U M M A R Y A N D R E C O M M E N D A T I O N S 

The primary purpose of this report has been to critically analyze the atmospheric 

propagation aspects of the SPC codes. Many errors and a number of computational diffi

culties have been discovered. However, an important conclusion of our analysis is that the 

SPC codes do appear to provide an appropriate framework for end-to-end model studies 

determining the overall impact of atmospheric effects on laser beams. While improvements 

are needed and, in some cases, new parameterizations and additional processes should be 

included, the codes do include and represent the effects of the primary processes currently 

recognized within the scientific community as being important. Corrections of the errors 

noted plus improved representations of some processes (e.g., Raman scattering) should re

sult in a code that is essentially state-of-the-art for the system-level application the codes 

are intended for. It should be noted though that these codes are not intended for detailed 

scientific studies of the individual atmospheric physical processes, but rather are intended 

for fast computational end-to-end modeling studies of the beam propagation through the 

«• mosphere. 

The following sections summarize and make recommendations for code improvements 

based on the breakdown of processes as used before. The final section discusses some of 
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the potentially important processes not included in the current codes that warrant further 

analysis. 

It should be mentioned that the evaluation of the SPC codes, and the examination of 

additional processes for possible inclusion in the codes, is ongoing and the current report 

only represents the stage of the analysis that we have reached at this point. As this report 

is being written, all known programming errors are or have been corrected along with some 

of the minor model errors. 

4.1 Atmospheric Turbulence and Thermal Blooming 

The following major finding were detemined in our initial analysis of the SPC codes: 

• Turbulence effects calculated by the SPC codes are in general agreement with a three-

dimensional optics code, but may require some scaling with distance. 

• Turbulence effects were extremely sensitive to values of C£. 

• The combined interaction of thermal blooming and turbulence is underestimated by 

more than an order of magnitude. 

• Thermal blooming is extremely sensitive to net cross-wind velocities. 

At this time, the following recommendations are made for the further analysis and 

improvement of the turbulence and thermal blooming portions of the SPC codes: 

• Continue the analyses of turbulence as a function of C B with particular attention to 

values of variable C% which have been measured experimentally. 

• Rewrite the function C„ so that the user has the option of employing his own Cn tables 

as a function of height. 

• Compute the time-dependent thermal blooming of pulsed laser beams. Compare the 

results of SPCl and SPC2 with a time-dependent three- dimensional optical propaga

tion code, 
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• Rewrite the VWIND subroutine so that the user may have the option of employing his 

own wind fields as a function of height. Continue the analyses of thermal blooming as 

a function of potential stagnation zones and wind shear. Develop parameterizations of 

these eifects. 

• Parameterize the effects of combined turbulence and thermal blooming. This will 

require a good deal of further analyses and the eventual rewriting of the SPC1 and 

SPC2 codes. This includes receding the calculations within PRPMOD such that the 

combined effects are looped at each increment in propagation distance. 

4.2. Aerosol and Non-linear Atmospheric Effects 

Though the uncertainty in input parameters and processes not included in the SPC 

models have been the focus of this preliminary review, it is important to point out that 

most of these difficulties arise from a lack of experimental data and associated high level of 

scientific ignorance and not inadequacies in the code itself. However, the code was written 

to provide general results over a wide spectral region. It is important to understand that at 

some regions in the spectra where transmission is maximized, unknown aerosol effects may 

begin to dominate the uncertainty associated with these results. These effects will require 

that specialized subroutines be added to the model and a complete parametric study be run 

before these uncertainties can be quantified. A paralle] investigation is also recommended 

incorporating theoretical and experimental results on single aerosol interaction with high 

power lasers. This would best be done with a high level of interaction with groups like the 

one at New Mexico State University who are doing this kind of research. 

Specific recommendations in order of priority: 

• Modify codes for easier access ind flexibility in altering input parameters in the sub

routines AERABS and CN2. Develop methods and scenarios for studying sensitivity 

of C& and aerosols. 
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• lirprove the absorption and scattering adjustments with humidity by basing these 

corrections on experimental data rather than Mie theory (i.e., modify the subroutines 

PMAER, FHCORR, ALFAVE). 

• Obtain two dimensional aerosol hydrodynamics code from and develop working rela

tionship with other researchers, e.g. at New Mexico State and City College of New 

York, to improve energy partition estimates for aerosol induced thermal Hooming in 

SPC codes (AERPLS, AERCW). 

• Obtain multiple phase screen model being developed by S. Flatte at U.C. Santa Cruz 

to both test and improve the optical turbulence algorithms in the SPC codes. 

• A parallel effort should also begin to gain access to experimental data relevant to 

aerosol air breakdown induction and aerosol effects in general within high power laser 

beams. 

4.3 Stimulated Raman Scattering 

A number of needed modifications to the treatment of stimulated Raman scattering 

(SRS) in the SPC codes have been discussed. In addition, other related processes need to 

be further evaluated. 

• Overall, the SPC codes appear to underestimate the loss of be^im integrity due to SRS 

and the Raman gain above 15 km. 

• The SPC codes assume a frequency shift more appropriate to vibrational scattering 

(6v/c = 2329 cm~l) rather than rotational scattering (6v/c — 76 cm~l). This change 

would increase the defocusing lenglh by a factor of ~ 30. 

• The Raman cross-section appears to be that corresponding to circular polarized inci

dent radiation. Since linear polarized radiation is likely to be appropriate in many of 

the scenarios to be analyzed the cross-section needs to be decreased by a factor of 3/2 

for such cases. 
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• The transition from pressure broadening to doppler broadening needs to be modified, 

perhaps by implementing a Voigt profile. 

• The scale height used for the doppler broadened profile is too large (~ 10.4 ltm instead 

of the more appropriate 7-8 km). 

• Evaluate importance of transient SRS and self-focusing effects. 

• Evaluate importance of Raman scattering by water vapor or aerosols. 

4.4 Molecular Absorption and Scattering, Atmospheric Structure 

The findings on molecular absorption and scattering and on atmospheric structures 

are noted below, along with appropriate recommendations. 

• Molecular absorption for wavelengths > S50 rim is obtained from AFGL LASER code 

(McClatchey and D'Agati, 1978) including H 2 0 , 0 3 , C 0 2 , N 2 0 , CO, CH 4 , 0 2 and 

N 2 . The 0 3 absorption at shorter wavelengths is derived internally, This treatment is 

adequate. 

• For some wavelength regions, species other than 03 , chiefly NO^, and NO3, can con

tribute absorption on the same order of magnitude as the O3 absorption. Any absorp

tion that might lead to fluorescence (probably not important), such as for NOa, will 

not contribute to thermal blooming. 

• A factor of 100 error in the ozone absorption due to incorrect units transformation was 

discovered. 

• The SS'C codes do not treat any atmospheric processes at altitudes greater than 30 km 

(potentially important to Raman scattering, molecular absorption and scattering, etc.). 

The model atmospheres should be extended to at least 100 km. 

• The pararaeterizations used for T, p, p have minor differences from standard atmo

spheres they are based on [AT = ±0.5 K, Ap - ±2%) 
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• Standard atmospheres (Valley, 1965} have minor differences compared to more recent 

recommendations. 

» Water vapor in stratosphere is much too large (43 ppmv at 30 km vs. ~ 5 6 ppmv in 

actual stratosphere) 

4.5 Processes Not Currently Included 

There are a number of atmospheric physical and chemical processes of potential impor

tance not currently treated in the SPC codes. Below is a partial list of the processes that 

warrant further examination. Most of these will require significant research before they 

can he included. The latter three, while more straightforward, will still require extensive 

coding changes. 

• Self-focusing effects — potentially important interactions with stimulated Raman scat

tering (could lower the threshold) and thermal blooming. 

• Raman scattering off of water vapor or aerosols — needs to be evaluated. 

• Two-photon processes — can be important if final state lies in the accessible energy 

range; needs to evaluated (also examine multi-photon processes). 

• Effects of wind shear and stagnation zones on thermal blooming. 

• Effects related to heat transfer efficiencies in a«rosols with more complicated surface 

compositions than an insoluble absorbing sphere with a liquid water coating, 

• Side-band scattering — coupling of side bands into the beam; potentially important 

but has not been evaluated. 

• iModifications to the processes included in the codes in order to account for perturbed 

atmospheres, whether due to natural or human related activities. 

« Absorption and scattering effects due to noctilucent clouds near the mesopause at high 

latitudes, 45~75"N, particularly in summer. 
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In addition to evaluating the potential importance of these processes, it would likely 

be beneficial to develop a Monte Carlo version of the SPCl code for analyses of the 

uncertainties associated with model parameters. 
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A P P E N D I X A : D e s c r i p t i o n o f S P C C o d e s 

A short description is given of the subroutine in the SPC codes relevant to determining 

the effects from propagation of laser beams through the atmosphere. The purpose of this 

section is to provide information on the atmospheric propagation sections of the SPC codes 

in addition to that ax-ailable from Barrett et al. (1986) and Barrett and Mclntire (1986). 

Figures A.l through A.4 are schematic charts of the progressive calls of subroutines 

in the SPC codes that determine the atmospheric propagation effects. The subroutine 

PRPMOD determines the linear beam size at the targets from all potential effects and 

is responsible for the decision processes that determine whether atmospheric propagation 

subroutines wiU be called. PRPMOD directly calls most subroutines responsible for atmo

spheric propagation effects (see Figure A.l). As seen in Figure A.2 the subroutine BSLIN 

calls subroutines that determine the effects related to turbulence. The subroutine EXT-

TAB calls subroutines that determine the molecular and aerosol absorption and scattering 

(Figure A.3), and OZCON calls subroutines that determine the local heating and beam, 

blooming due to ozone (Figure A.4). 

In the discussions that follows, descriptions of the relevant subroutines will be given 

according to the classifications of processes used in the main text. 
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PRPMOD 

PMfNtT 

BSLIN 

EXTTAB 

BSC rmfi BSC 

ALPHL 
VWIND 
PMSN 

ATMC 

OZCON 

AERABS 
AERBLM 

BLOOMA, if i = 1 
BLOOM B, if i > 1 

PRAMAN 
PMSPBL 
AIRBD 

BLOOMC 
AOTBC 

AD.'FDC 

Figure A.l . Basis flow chart for subroutine determining atmospheric propagation. The 
subroutines BSLIN, EXTTAB, and OZCON call additional subroutines, with flow charts 
shown in Figure 3.2, 3,3, and 3.4, respectively. 

ALTITUDE 
LOOP 

(index i) 

44 



8SLIN 

PMTUR 
PMTRBA 

TURBIN 

CNZ 

Figure A.2. Flow chart for subroutines determining effects of turbulence. 

EXTTAB 

ATMC 

AERABS 

MOLCUL 

or PMAER 

or OFABS. HFABS, COABS, 
C02ABS 

03CS 

Figure A.3. Flow chart ibr subroutines determining aerosol and molecular absorption and 
scattering. 
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OZCON 

OZONE 

03CS 

T 

03CONT 
\ 

or 03PULS 

03NDNT 

03BLOM 

Figure A.4. Flow chart for subroutines determining ozone heating and blooming. 
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A.] Atmospheric Turbulence and Thermal Blooming 

Each of the subroutines that determine the propagation effects due to turbulence and 

thermal blooming are discussed below. 

BLOOMA 

BLOOMB 

BLOOMC 

PMSPBL 

This subroutine initializes the variables for the thermal blooming 

model. The relative change in index of refraction, Sn/n, is calculated 

from the following formula for the index of refraction n = 1-f-

[7.36810 5 P + 5.84810- I 9 P/A 2 ] /T where P, T and A are the 

pressure, in millibars, the temperature in °K and the wavelength 

in meters. 

This subroutine performs the integration for the thermal blooming 

model. The thermal blooming is calculated by first computing a 

thermal blooming parameter, N s , through NBa {^) Pf ^ y j j f f 

dfi where r is the radial dimension of the beam in meters, a is 

the absorption coefficient in. m e t e r s - 1 , and v is the net crosswind 

velocity in m/sec. If the laser is pulsed, a pulse factor is used to 
0.9K 

multiply Ng given by 1 The factor is 1 for 
2\/2r[PulseRate\ 

a CW laser. For lasers with high pulse rates, 

this equation is essentially equal to 1. 

This subroutine calculates the far-field thermally bloomed intensity 

through the function t ^ ^ ys where N# is the thermal blooming 

parameter integrated in subroutines BLOOMA and BLOOMB for 

a given range and focus. The constants a and b are given in tables 

depending on beam shape and whether the propagation of the 

laser is from ground to space or space to ground. 

This subroutine models single pulse blooming of a pulsed laser 

system including both long lime and transient blooming. This 
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subroutine first determines whether the laser pulse duration is 

less than or greater than the acoustic transit time across the 

laser beam. This time is determined by ajtf, where a is 

the diameter of the laser beam and cs is the speed of sound 

in the medium. The far-field intensity is calculated using the work of 

Smith (1977) in which the long term blooming is proportional 

to t and the short-terra proportional to t 3 . 

PMTRBA T vis. subroutine integrates the factors for the turbulence saturation 

model. This model assumes a change from weak turbulence to 

strong turbulence abruptly af the saturation point equal to (p0/D) 

(t 'x/c) 3 ' ' 5 where p0 is the turbulence correlation length, D is the 

structure function for the index of refraction fluctuations, a\ is the 

log-amplitude variance and c is a numerical conostant obtained 

from c\ by an interpolation formula. 

PMTUR This subroutine integrates the turbulence variables to find the spread. 

The spread, determined by the output variable BETAT, is found from 

BETAT = CONST -Xjp0. 

TURBIN This subroutine does the actual integration for the beam spread, 

called by subroutine PMTUR, and turbulence saturation effects, 

called by subroutine PMTRBA. This subroutine calls the function 

CN2, which defines the structure constant, C„. The structure 

constant is used in the integration to find p0, the turbulence 

correlation length, a n d ^ l , the log amplitude variance. 

A.2 Aerosol and Non-Linear Atmospheric Effects 

Relevant Subrountines to aerosol and non-linear atmospheric effects are described 
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AERABS Calculates factors which try to create a simple functional 

relationship between aerosol scattering and absorption 

and wavelength for McClatchey's models of aerosol in the 

atmosphere at the surface. 

ALPHL, ALTCOR Altitude corrections to get calculated absorption coefficient 

to match idealized absorption profile. 

ATMC Simulate temperature, pressure and humidity profiles for 

McClatchey type atmosphere (Humidity is used to change 

aerosol extinction and relate latent heat effects to aerosol 

induced thermal blooming). 

EXTTAB Calculates accumulated absorption and scattering coefficients 

(both molecular and aerosol). 

PMAER, RHCORR Account for particle growth effects in a humid environment 

in changing the real and complex index of refraction of the 

aerosol and therefore the scattering and absorption 

efficiencies. 

VOLCOR Calculates volcanic ash and sea salt correction factors to make 

aerosol extinctions match atmospheric profiles assumed by others. 

AERBLM Is responsible for the calls of the subroutines AERCW or 

AERPLS (which call AINIT and ALFAVE). 

AERCW, AERPLS Calculates latent heat effect of water coated aerosols absorbing 

laser energy and converting this to heating the air and 

affecting thermal blooming only (no C„ effects). 

AINIT Initializes aerosol siz<\ distribution as a function of humidity 

for calculating air breakdown effects. 
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AIRBD Combiner various parameters calculated in other subroutines to 

determine if air breakdown occurs given the size distribution 

calculated in AINIT. (The other subroutines include VELOC, 

CLSFWSandTIMBCO). 

ALFAVE Calculates the temporal effect of aerosol heat transfer (assumes 

all aerosols have density 1 gm/cm 3 ) . 

PMSN, VWIND Calculates vertical profile of wind given sea level wind speed 

(no directional shear or turbulence) and combines with 

slew rate to calculate air cleaning for thermal blooming-

CN2 Calculates a vertical profile for C„ decreasing from a surface value 

to 1 x 1CT1 7 with a 2 km peak of 8 x 1 0 " ' 7 m J / 3 , No aerosol 

heating interaction with C„ is allowed nor are variations 

in inner and outer turbulence scales accounted for. 

A.3 Stimulated Raman Scattering 

PRAMAN is the only subroutine used to determine the effects of stimulated Raman 

scattering, 

PRAMAN Determines the effect of stimulated Raman scattering in the 

atmosphere. The Raman gain is currently determined assuming 

pressure broadening below a breakpoint altitude, and doppler 

broadening above. The breakpoint is determined by finding tiie 

altitude at which the pressure broadening and doppler broadening 

are equal. 

A.4 Molecular Absorption and Scattering, Atmosheric Structure 

Schematic presentations for the subroutine calls concerning molecular absorption and 

scattering processes are shown in Figures A.l, A.3, and A.4. 
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The subroutines of direct interest are: 

EXTTAB Calcuates and integrates absorption and scattering coefficients, 

returns attenuation coefficients as function of altitude (units = 

km"' ) to PRPMOD. 

ATMC 

MOLCUL 

03CS 

Determines temperature, pressure, plus ozone and water vapor 

concentrations for five standard atmospheres, applying to the 

tropics (15°), raidlatitudes (45°) summer, midlatitudes winter, 

subarctic (60°) summer and subarctic winter, In addition, user, 

can provide a sixth atmosphere to be input. The standard 

atmospheres in the code are based on AFGL standard 

atmospheres (Valley. 1965; McClatchey et al., 1971; 

McClatchey and D'Agati, 1978), Also determines constant mixing 

ratio profiles of N 2 0 , CO CH 4 , C 0 2 , and 0 2 . Standard 

atmospheres only extend to 30 km. 

Determines molecular absorption coefficients in units of k m - 1 

tor selected wavelengths (currently the absorption of 10 wavelengths 

ranging from 0.30Bji to X.Zl/x can be determined in the SPC 

codes.). The absorption coefficients are parameterized from the 

AFGL LASER code results (McClatchey and D'Agati,1978). 

Values are returned only for wavelengths longer than 0.656> 

(O3 absorption determined for lower wavelengths in 03CS). 

Determines the base ozone absorption cross section in units 

of m 2/molecule as a function of wavelength. 

The above processes are then integrated over the specified atmospheric path, looping 

through the above subroutines. 

PMADSC Determines the per cent transmission over segment of propagation 



path using coefficients from EXTTAB. 

ALPHL Interpolates absorption, scattering, and effective absorption (for 

thermal blooming) for a given altitude. 

OZCON Controlling subroutine to determine effects of ozone on absorption 

and thermal blooming. 

OZONE Controlling subroutine for ozone blooming calcualtions. 

03CONT Calculates amount of ozone absorption across (O3C0NT) or along 

or 03PULS (03P\3L.S) beam path for purposes of bleaching and 

blooming calculations 

03NDNT Calculates energy deposition from ozone dissociation 

03BLOM Determines ozone contribution to thermal blooming, due to 

heating of O and 0 2 from remaining photon energy following 

O3 dissociation. 

After the atmospheric path integration is complete. AOTBC considers the effects of adap

tive optics and ADJFOC returns the target beam diameter and Strehl ratio. 
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A P P E N D I X B : D i s c u s s i o n of R a m a n S c a t t e r i n g a n d O t h e r P r o c e s s e s 

This section reviews what we have learned about some of the processes potentially 

important to laser propagation through the atmosphere. Described in this section are 

theoretical considerations regarding stimulated Raman scattering, self-focusing effects, and 

two-photon processes. 

RAMAN SCATTERING 

1. Theoretical Considerations 

In Raman scattering an incident photon (e.g. In the laseT beam) of energy kl>L is 

absorbed by an interacting particle (e.g. molecule), which then re-emits a photon of lower 

energy hu, and is left in an excited state. This process is depicted in the associated 

diagram. The 

interacting particle is envisaged as undergoing virtual excitation to an intermediate state 

via absorption of the incident photon, and as emitting the final photon via relaxation to 

the final, excited state. 

The Raman process can be spontaneous or stimulated. In the spontaneous process, the 

rate of production of "Stokes" photons of energy hvt is independent of the number of Stoles 

photons already present in a mode. In the stimulated process that rate is proportional to 

the number of Stokes photons present. That this is so is evident from the following simple 

argument. 

Consider first the spontaneous process. Here an incident laser photon weeites the 

interacting particle from its ground state and the particle emits a Stokes photon, more 
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or less isotropically. Hence the rate Rapan per interacting particle at which this process 

proceeds should satisfy 

R,pou = <*h ; (1) 

where Jj, is the incident laser flux and a depends on the energies and the properties of 

the interacting particle. Consider next the stimulated process. Here an already-present 

Stokes photon is viewed as inducing a transition from the intermediate state to the final 

excited state, with the production of a Stokes photon in the same mode as the initial 

Stokes photon. Tiiis implies a rate proportional to the Stokes flux / , in the mode under 

consideration. Also, the probability of finding the interacting particle in the intermediate 

state is proportional to the exciting incident laser flux 1^. Hence the stimulated rate 

R$TIM should satisfy a relation of the form 

R-STIM ~ a' f t It i ( 2 ) 

and one thus expects exponential growth for the stimulated process. 

To mftke this a little more quantitative let us focus on simplified rate equations for 

Raman scattering into a single photon mode at frequency us from an incident source at 

frequency Vh (see Yariv, 1967). 

Thus consider an interacting region of volume V, and let NL and N, be the numbers 

of quanta in the laser and StoKes modes. Using the fact, involving quantum harmonic 

oscillators, that the probability of absorption of one quantum for a mode containing A7 

quanta is a N and the probability of emission is ex (N + 1), one can write down the 

approximate rate equations. 

- aPf N,(NL + 1) , (3) 

dN, _ dNL 

~df ~~ dt • y ' 
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Here the quantity £ depends partly on the properties of the interacting particles, and 

P, and Pf are the probabilities of finding an interacting particle in its initial ground state 

and its final excited state, respectively. On the right hand side of equation (3), the part 

independent of Na involves the spontaneous process while the pait propoitional to JVj 

involves the stimulated process. 

Focus first on spontaneous emission, described by 

V • " /*pon 

This equation implies that for spontaneous emission into a single Stokes mode, 

A (No. of spon. events) _ aPjNi . . 
A(time)- (Volume)- (incident flux) ~" V • {NLc/V) ' * ' 

where c is the speed of light. Now the total number of quantum modes available to the 

final Stokes photon per degree of polarization, is 

d3r>V 1 
- £ - = -s vl A^ dUV , (7) 

where Af is line width for the transition, p is momentum, and dVl is the element of solid 

angle. Multiplying equation (6) by (7), which amounts to summing over the available final 

slates, and dividing by the number N of interacting particles per unit volume, one obtains 

the identification 
d a - P I / v ' A v io\ 
dfi=aPiVlW • ( 8 ) 

Here do/dVt is the Raman differential cross-section per interacting particle per degree of 

polarization. The quantity that is easily measured directly is N J[d(rfdft)dn. 

Turn now to stimulated emission. In this case 

(£)„,.,-; (£)„„,«!«-'*»<»•• <«• 
where Z is distance along the direction of the incident beam. Neglecting depletion of 

incident photons, one obtains 

Nt{z) n Nt{0)J* *> , (10) 
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where the gain factor g satisfies 

0^-c{Pt-P{)NL 

c3ANri) dtr 

In this equation 

with k Boltzmann's constant and T temperature, and n/ is the number density of laser 

photons. 

Expression (11) is a good approximation. A more correct expression for the Raman 

gain factor, obtained by a more careful procedure, is (see, e.g. Wang 1975) 

c2ANntuLd0 , 
9S*-a*rm • ( 1 3 ) 

2. Raman Gain in the Atmosphere 

The results of Averbakh et aJ.(l978) imply that for atmospheric propagation of ~ l//m 

laser beams, rotational stimulated Raman scattering (RSTRS) is dominant over vibrational 

scattering (VSTRS). For the nitrogen molecule and its rotational levels, values of relevant 

physical quantities are (cf. Averbakh et al. 1978) 

(n£~) ~ ° - 0 3 5 ( a t J = 8 f o r T ~ 3 0 t W f ) ' 
\ •" / max 

( f f i ) M r j M ~ 3 - 7 X l D " 3 0 « A « / ° J H ' " n ) " 4 c m l ' 
Av/c ~ 0.08 cm-11 ATM , (14) 

~ 76 cm"1 for J = 8 . 

In these equations, J is the total angular momentum quantum number, A is wavelength, 

and ATM stands for an atmosphere of pressure. Substitution into equation (13) yields 

Y- = j — as 3 x l i r ' A - V m - 1 cm/MW , (15) 
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Where A is the wavelength of the incident laser radiation in microns, Ii is the incident 

laser energy flux, and MW = 1 megawatt — 10 1 3 erg s~ ] . 

To estimate roughly the total Raman gain factor for the atmosphere, one notes that 

the gain factor should be roughly constant up to an altitude of ~ 40 1cm. This is because 

at lower altitudes the line width is pressure broadened and hence is proportional to the 

pressure. This cancels out the pressure dependence of the number density N appealing in 

the numerator of equation (13). Above ~40 km, doppler broadening is expected to exceed 

pressure broadening, and so the gain factor falls exporentially with height. It follows that 

the total RSTRS atmospheric gain factor is 

r40km nAr 

g » J !L_ ~ 60 cm2/MW . (16) 

This predicts - large gain indeed, since g appears as an exponent (cf. Eq. [10]). 

3. The Transient Raman Eifect 

Actually, the validity of the above analysis depends rather crucially on the assumption 

that the time and spatial dependence of the incident laser beam can be negected. When 

this assumption is violated, as is the case for pulsed beams with typical pulse timelength 

t the coherence decay timescale ( A ^ ) _ ! , the gain factor can be modified (decreased) 

significantly from its steady-state value. 

Rather than presenting a rough analysis (available upon request) of f he transient case, 

the case for which the incident beam varies on timescales short compared with the decay 

time, 1 shall just quote the final approximate results. In a first approximation for the 

transient case, one finds that the steady-state gain factor gz (cf. Eq. [16]) is replaced by 

the transient gain factor (cf. Wang 1975) 
GTRANs{z^) ~ 2 

- 2nAv(t - zje) , (17) 

i 
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where it is assumed that //, = I^(t — zjc). Note that the transient gain is proportional to 

the square roots of both the length of the medium and the laser energy. 

Further work is needed before this effect and its importance can be fully assessed. 

SELF-FOCUSING OF BEAMS 

Suppose that the induced polarization of a particle is of the form ' 

p = aE + ~,E3 + ... , (18) 

where E is the electric field. It follows that if the number density of particles is N, then 

the polarization P per unit volume is 

P = Np = N{a+nE1 + ...)B . (19) 

And the dielectric constant t is then 

t = l + 47tJVa + 4irjV->B2 + . . . = i0 + (2 E 2 + . . . . (20, 

Nonlinear contributions (e.g. t 2 E2) *° £ c a n arise in a variety of ways, e.g. from anistropy 

in the polarizability of a particle ( Yariv 1967). 

If ti is positive (negative), then the dielectric constant t tends to be larger (smaller) in 

regions with larger electric-field strengths; and this leads to focusing (blooming) of beams 

(Akhmanov et ai. 1972). One can see this from the following simple argument. Consider 

an electromagnetic beam of diameter D, and let the field strength at beam center be E. 

If the beam starts out as plane fronted, then after time At a ray at the outer edge has 

moved fc-rward a distance ~ hi/At, while a ray at beam center has moved forward only a 

distance ~ (A — 6\)uAlt where 6A is the decrease in wavelength A due to the increase in 

dielectric constant with increasing field strength. 
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t 
Z>/2 

J 

\vAt 

9/ / 
J/ 

(A -S\)vAt 

This implies that the wavefront has become concave, with characteristic bending angle 

„ vSXAt 
D/2 (21) 

aff ei time At. This in turn implies that the beam narrows its diameter by an amount 

2 6\ 
AD- At,At0~ - ^ y ( A z ) 2 

during a time At, ox over a distance Az = AfA2. Since 

(cf. Eq. [20]), the characteristic focusing distance ^y over which AD ~ I? is 

*~?(sr-"fes) 

(22) 

(23) 

(24) 

where 7 is the energy flux. 

Can this effect be important for laser propagation through the atmosphere? To inves

tigate this question in a rough approximate way, let us refer the value of ii to the value 

appropriate to molecular hydrogen at atmospheric pressure. That is, let us write 

where 

EZ = 4JTJV7 = 4TT X 3 x 10 1 9 NATM * 10~ 3 7 7(37) 

N 1 
NA™ ~ 3 x 10» o n ^ ' 7<3 7> = 1 0 - " Cgs 

(25) 

(26) 

We note that theoretical estimates (Fiytzanie 1975) yield 7 (37) ss 1 for the hydrogen 

molecule. Substituting equation (25) into (24) and letting 

7 = 10 ' 3 Imv erg s" 
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we obtain 

zj ~ 106Z? 
l l / 2 

28) 

Let us compare this characteristic length scale for self-focusing with the rotation stim

ulated Raman-gain length scale ZRSTRS- From equation (15) 

ZRSTRS-ig/h)-' J- ~ 3 X 1 0 S

T 

1 - .^_1 

Hence 

ZRSTRS 
zf 

1 1 
317 

NATM 7(37) 
1/2 

For a given beam power P\fw in megawatts, 

so that 

P\tw — I&IMW 

ZRSTRS l 

zf 3 
NATM 7(37) 

lo PMW 

1/2 

(29; 

(30) 

(31) 

(32) 

For example, if one envisages a flux of 10 ' MW/cm2 on a beam with spot size D ~ 30cm, 

then 

—^- ~ 30 [ T0 J ( 3 3 ) 

and self-focusing is probably not important unless NATM1(37) is large. Can this product 

be large? 

Is it possible that certain envisaged environments will include the presence of par

ticles, in sufficiently large numbers and with sufficiently large nonlinear susceptiblilities 

(cf. Eqs. [25] and [30)), such that focusing becomes important? One must first search 

the experimental and theoretical literature for the values of the nonlinear susceptibilities 

of the species that might be relevant. It is useful to note, in this connection, that the 

calculated values for some atoms and ions are quite large indeed, For example, Fiytzania 

(1975) quotes the following values for -y(3 7 ): 6.8 x 10 3 for H ,2.6 x 10 3 for K,6,40 x 102 

for Li, 8.4 x 10 2 for Na, and 10 7 for K\ 
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Naively, one would expect any self-focusing effect, to promote beam quality. Actually, 

this is probably not correct: Strong self-focusing would lead to an increase in flux and 

hence to a lower threshold for the onset of stimulated Raman emission. In other words it 

would probably enhance the debilitating effects of Raman emission. 
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