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An experimental research program is being carried out to  investigate  tvo 
particular aspects of the thermal blccning problem.    Thermr1 blooming is the 
self-induced effect vhich results  fro-n refractive  index   .'a;iations  in the path 
of a laser beam caused by absorptioii of laser beam energy.    The two aspe-ts 
being investigated are the effect of transonic    flow and also dead lone* Oa 
the thermal distortion.    When hert  is added to flow at near BCulc velocities 
severe density gradients and even rhock waves  can result.    An experiment 
involviug a CÜ2 laser ana a blow  down wind tunnel are being usec  to investi- 
gate this problem and a pulsed schlieren system is  used to observe the density 
gradients.    The dead zone problem occ1^ when a beam  is being slewed in a direc- 
tion opposite to the motion of the vehicle carrying the  laser.  There is a region 
of the air path where there   is  no relative motion between the air and the beam 
and under these conditions  severe thermal blooming can occur.    This problem is 
being simulated in the laboratory using a low power    v CO2 laser and a needed 
gas  cell which is rotated about a pivot point creating a dead zone at the pivot. 
The experimental apparatus and technique are dc  -ribed and preliminary data are 
reported on both of these experiments. «.p-oducdby 
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SUMMARY 

The subject  contract  is  concerned with two particular problems  associated 
vith self-induced thermal distortion of laser beams.    Self-induced thermal dis- 
torti ,n  is  the result of heating of the air  in the path of the laser  (by absorption 
of laser benm energy) which changes  the   index of refraction and therefore  causes 
beam distortion.    The two specific problems that are being investigated under the 
present  contract are the  influence of transonic flow and also the effect of dead 
zones on thermal distortion.    With transonic or near IOHIQ flow,  the addition of 
heat by absorption can lead to extremely itror* density gradients,  stronger than 
those normally encountered in  the subsonic flow case.    The dead zone problem arises 
when there   is  a region of the propagation path where the relative motion of the 
beam with respect to the air   is  zero.    This occurs when s beam is beirg slewed 
from a vehicle moving in a direction opposite the slewing motion.    The progress 
made  in investigating these two problems   is  described briefly  in the following 
paragraphs. 

The  laboratory simulation of tht  transonic slewing conditions   has  been com- 
pleted and we are now in the ^ocess  of analyzing the data.    The apparatus  used 
in this  experiment consisted of a 500 watt C02 laser,  a blow down wind tunnel, 
and a pulsed schlie-en system for observing the dens-y gradient.    The Ugh inten- 
sity 10.«I» beam   oassed through the trar.son'c flow of a:r which was  seeded with 
a small portion of SF6 for simulation of atmospheric absorption conditions,  and 
the density gradients were recorded with a schlieren system coaxial with the  laser 
beam.     In addition,  the near field and far field patterns  of t ^ C09 laser beam 
vere examined after passing through the transonic fla*.    Based on a simple one- 
dimensional heating,  the experimental  conditions were chosen to give an  interaction 
which would result  in a shock wave.     In the experiments,   however,   no shock ias 
observed on the schlieren photos which undoubtedly is the result of the two- 
dimensional nature of the flow  in th-  vicinity of the beam.    The las-  inauced 
gradients  a-e found primarily in the wake of the beam,  are primarily  in a direction 
orthogonal to the beam and flow dire.tions,  and show that the Kser absorption 
causes a density decrease rather than a density increase as would be expected for 
one-dimensional simple heating theory.     Detailed analysis of the  data will be 
carried out during the remainder of the  contract period. 

The   influence of a dead zone or region of the beam path with zero transvr-rse 
velocity  is  ulso being investigated experimentally.    A 10-20 watt  cw C0Q laser 
and detector system   have leer, made ava;laiie  ^ the Research Laboratories.    The 
absorption cell to be used to simulate a slewed beam with a dead zone has been 
constructed.    The dead zone  is simulated by pivoting the cell at various axial 
positions  and translating one end of the  cell.    By moving the pivot point the 
influence of the position of the dead zone can be evaluated.    Qualitatively the 
dead zone  can be  looked upon as a transient effect.     Immediately after turning on 
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the beam the dead zone  literally extends  from the target to the source.    As time 
progresses  energy   is  deposited in the beam path and,  as a  greater fractioM of the 
path satisfies the  condition for steady state blooming,  the dead zone  shrinks   In 
length  from the target back toward the  point of pivot.    Thus the problem must be 
looked at as  xransient tlooming plus  sieving and experbnentally the   intensity will 
by monitored as   i function of time until some j o/m of heat transfer  limits the 
experimental obssrvation.    Our preliminary experiments  Indicate that the  limits 
on otservat-'on time are thermal condnctijn and natural convection or buoyancy. 
The length of observation t'me can be   increased,   If necessary,   for simulation of 
rr.ore reaVstic propagation conditions,   by  increasing the cell pressure or by a 
vert'cal orlentat'on of the cell to reduce conduction and convection effects.    A 
short h'gh pressure  cell has been constructed to examine the relative effect of 
a stagnation zone at various points  In the propagation path.    In addition,  by 
p'votlng th-s  cell about its  center  It should oe possible to test various  inter- 
oretat-'or.s  of the effective length of the dead zone.    During the remainder of 
the  contract period experlnental data on the dead zone problem will be taken and 
analyzed  to determine the magnitude  of the effect on atmospheric propagation of 
high energy laser beams. 

-2- 
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SECTION I 

INTRODUCTION 

The United Aircraft Research Laboratories are conducting an experimental 

study of two specific problems associated vith the self-induced thermal distortion 

of laser radiation propagation through the atmosphere. One is the so-called dead 

zone problem which arises when there are regions of the propagation path where the 

relative motion of the beam with respect to the air is zero. This occurs when a 

beam is being slewed from a vehicle moving in a direction opposite to the slewing 

motion. The second problem is the effect of transonic or near sonic flow where 

the addition of heat by absorption can lead to the formation of extremely strong 

density gradients and possible distortion of the beam. 

Self-induced thermal distortion, commonly called thermal blooming, has been 

treated in detail and the -esult of these investigations have been widely published, 

but in most instances the problem treated was the steady-state distortion arising 

from a uniform wind or a slewed beam with a velocity varying linearly witn lange.1"^ 

The steady-state temoerature profile Is obtained in a straight forward manner ay 
balancing the convectlve heat transfer against the absorption from the laser beam. 

The two specific problems being treated under this research contract are more com- 

plicated in that a straight forward analysis is not possible and no complete ana- 

lytic solution has be' l developed. Hayes5 has analyzed the dead zone problem 

qualitatively by dividing the propagation path up into regions where the beam 

undergoes steady state slewing and a region of zero wind. His analysis shows the 

problem to be serious in some specific circumstances. The problem of transonic 

Blming has been analyzed'7''8 and the density gradients obtained in closed form. 

However, both the analysis of dead zone and transonic slewing have trouble handling 

the propagation of the laser rfdiation through the disturbance. The basic problem 

Is not knowing the axial lengtl of the dead zone or the effective path length of 

the transonic zone.  It therefore is difficult to evaluate these two effects even 

qualitatively. Under this research program, we are attempting to study these prob- 

lems experimentally and determine if they are a serious threat to high power laser 
applications. 

The experiments have been set up in the laboratory and a description of the 

apparatus is given in the following sections. Data on the transonic slewing experi- 

ment have been taken and a detailed analysis of the results is currently being 

undertaken. The dead zone experiment has been initiated, but the data so far have 

been exploratory in nature. No conclusions have been drawn relative to the sfiverity 
of these problems. 

-3- 
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SECTION II 

TRANSONIC BLOCMING 

1.  INTRODUCTION 

In this section experiments designed to simulate the propagation of high- 

intensity cv laser radiation through an absorbing, transonic flow are described 

This problem vould le encountered at high slewing rates, where a point along the 

beam is traveling at mach one with respect to the surrounding air. Theoretical 

studies of this problemT,« have lndicated that under such conditions, the non- 

linear interaction between the laser energy and the flow can cause rather severe 

density variations and that for flow velocities Just slightly greater than mach 
one, can cause shock waves in the flow. 

The approach being ..sed in the present study is to pass a high-intensity 

10.6ti oeam through a transonic flow of air which has been made absorbing at 10.6u 

by adding a small fraction of SF6. The density gradients induced in tha flow are 

recorded with a schlieren system coaxial with the laser beam and the effects of 

these density gradients are measured by looking at the transmitted beam in tb« 

near and far fields. The experiments are being carried out under very strong 

interaction conditions in order to establish a lower bound on the laser intensity 

required for this effect to be a significant propagation problem. 

2.  EXPERIMENTAL APPARATUS 

The apparatus being used in these experiments is shown s hematically in Fig 1 

and a p'iotograph of the experimental arrangement is shown in Fig. 2. The super-' 

sonic nozzle is operated as a blowdown wind tunnel by charging a fifty-liter vessel 

with a mixture of compressed air and SF6. The flow is switched on with a solenoid 

valve and the system provides quasi-steady flow in the nozzle for several tenths 

of a second. The flow channel is a two-dimensional converging-diverging nozzle 

with a throat height of ~ 3-0 mm, with a width in the laser beam direction of 5.0 mm 

and with an exit mach number of -1.3. A typical schlieren photograph of the nozzle 

flow is shown in Fig. 3, along with the corresponding trace of nozzle stagnation 

pressure. The schlieren photo was taken 0.2 sec after the opening of the solenoid 

valve. The expansion fans at the nozzle throat can be seen in Fig. 3, as well a- 
the strong normal shock at the nozzle exit. 

The C02 laser being used in the experiments is a pulsed, low-pressure, coaxial 

electric discharge laser and is shown in F.g. 2. A typical trace of the laser out- 

put, as measured with an AuGe detector is shown in Fig. k.    The peak power of the 

laser is ~ 500 W and, as seen from Fig. h,   is effectively constant for ~ 0.1 msec 

The laser output is focusred into the flow channel with a 25 cm fl lens which giv-s 

■k- 
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a 1.5 mm diameter focal volume which is nearly cylindrical over the S cm width of 
the flow channel.    Since the flow velocity in the experiments  is ~ 3.6 x IcA cm/sec, 
the laser intensity is  constant for ~ 2k flow times   (based on the beam diamete? ), 
and the laser-flow  interaction should reach steady-state during the  laser pulse. 
The relative position of .the  laser beam in the  flow channel (and hence the mach 
number at the beam location)  can be varied by translating the nozzle relative to 
the beam.    The relative positions of the  laser beam ar?d the schlieren field are 

fixed. 

The  flow  is  photographed using a high-speed schlieren systen   as  shown in 
Fig.  1.    The schlieren light source is a small air spark with a duration of ~ 2 
lisec.    The schlieren source was monitored with a photo-detedor and the signal 
can be seen suoerimpos^d- on the laser signal in Fig.  k.    It can be seen that the 
schlieren photos  give an instantaneous record of the quasi-steady density distri- 
bution due to the laser-flow interaction. 

In addition to the schlieren photos,  various measurements  of the transmitted 
laser radiation are being made.    The near-field beam intensity is measured, with 
and without absorbing flow,  by removing one of the schlieren mirrors and placing 
an AuGe detector  in the beam.    This measurement gives a time-resolved record of 
the beam attenuation.    Measurements of the far field beam intensity are made by 
placing a lens   in the transmitted beam and focussing the beam on to thermal sensi- 
tive paper or on to a pinhole placed  in front of the AuGe detector. 

3.     EXPERIMENTAL PROCEDURE 

In order to adequately simulate transonic slewing of a high-intensity beam 
propagating through the atmosphere,  the  conditions  of the  experiment must be  chosen 
to t?ive an  interaction which is at least as  large as that expected under actual 
conditions.    We  can make a rough estimate of the effect of the laser flux on th<. 
flow by assuming that the energy absorption process results   in simple one-dimensional 
heating with a corresponding increase  in the stagnation temperature.      For this  case 
the  increase  in stagnation temperature  is  given by the relation" 

Q ■ cpAT0 , (1) 

where  cD  is  the specific heat, T0 is the stagnation temperature,  and Q is  the 

*In the actual case,  the heating and flow processes are two-dimensional and a 
rigorous treatment would involve the non-linear fluid equations  for two-dimensional 

flow. 

-5- 
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energy addition per unit mass, 
tion can be vritten as 

'in the case of laser absorption,  the energy add.!- 

(2) 

where a is the absorption coefficient, Io is the incident laser intensity, d is 
the beam diameter, p is the mass density, and u is the flov velocity. Thas, we 
have ' 

AT, 
puc 

(3) 

Fror, one-dimensional flow considerations, ve expect that if the calculated change 
in T0 is larger than that necessary to reduce the flow to M = x, the flow will be 
choked locally,  and some sort of shock structure will result. 

In the experiment,  tne quantities p,   u, and c    are comparable to those that 
would be encountered in the atmosphere.    As  mentioned previously,  the peak  laser 
intensity is  I0 « 5.0 x  10* W/cm2 and the focussed beam diameter is  d% 1.0 mm. 
Thus,  the remaining parameter to be determined  is the absorption coefficients. 
In the actual situation,  typical values would be  I0 = l.o x I0k W/cm2, a   ,. J.Q'JC 
10 cm , and d = 1.0 x 101 cm, giving al0d 0.5 w/cm2. For the experimental 
values of I0 and d mentioned above, this would correspond to an absorption CMffi- 
cient in the experiment of y  =  1.0 x 10-^ cm-1. 

A  second consideration in choosing the experimental value of a  is  the ^agna- 
tion temperature rise required to produce shocking for a given initial mach number. 
Taking K - 1.2 as a typical initial mach number in the experJraent, one obtains the 
value T0/T0 - 0.978? for Rayleigh flow. For T0 = 300% this Implies AT - r,0K 
For typical experimental conditions; i.e., p = 1.7 x 10-3 gm/crn3, u . 3.6

0
x loh  'cm/seCt 

and cp =1.0 J/gm- K, this In turn corresponds to « ■ 0.07 cm-1. 

Another parameter of importance in the experiments is the laser path length 
through the flow.  In the present experiments the major emphasis is on detecting 
the presence of laser-induced shock waves, and the 5.0 cm channel width was deter- 
mined primarily by considering the path length required to give good resolution in 
the schlieren photographs. If shocks are present, this path length should be suf- 
ficient to produce strong effects in the bea-> itself. If shocks are not present 
the expected effect on the beam can be estimated from conventional thermal blooming 
theory. 

In the simalation experiments the strength of the interaction can be chosen 
by setting the concentration of SF6 and hence setting the value of a. In running 

-6- 
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of 4        r      '    , ^^ VeSSel iS evacuated and bach-filled vith a fev torr 
of SF6.    The vessel  is then filled vith air to a pressure of ~ 90 psia    and the 
.ixture  is aloved to .ix for several ho-^s.    The optimum SF6 fracto^as  deter- 

M\        .!/ e ^^ taken at a  = 0-2 cm"^   this being the largest value  for 
which condit ons vould be relatively uniform across the flov channel!     ^erefore    In the 

?L ore e0nt ^ ^ * ^ " ^ ^      '*  ^^    ^'  aS  ^^neä previously, 
condiuLs    eXPerlmentS  are being Carried ** **** extremely strong interaction ' 

As mentioned above,  the laser pulse time is such that quasi-cv conditions are 
obtained during the puU*.    In the experiment,  the laser is set to fire at a    re 
set jelay after the opening of the flov solenoid valve  (typically 0.2 sec) to allov 
the flov to become fully established, and the schlieren spark is pre-set t0 fiTe 

during the peak of the laser pulse,  as shov-  in Fig.   U. 

k.    EXPERIMENTAL DATA 

Typical schlieren photos, vith the 10.6 „  beam located at M ^ 1.17 in the  flov 
hannel    are shovn in Fig.   5.    The corresponding transmitted laser pulse    are sh v" 

! ItJt'tZVT* IT    ' ValUe a * 0'2 ^ ^  0btalned in these experiments 
FT.LTV,      ?6l:   /^^ 5"a Sh0WE the SChlierCn field vith no density variations 
vuH    u/ht8  C        "^ ^ firing the ^^  int0 *" fl0V Channel vith - flov,  bu 
b a! III    r. I riSidUaI SF6'  and SerVeS  to   '0=ate the Titian of the  10.6 u 
beam in the flov  channel.    Figures  5-c and 5-d are phctos of the laser-induced densi'v 
gradients  under the  conditions outlined in Section 3 above. y 

.^o^116 'r^16' analySeS  0f the >Chller»n data have not yet been conduct^,  tvo 

ar    s.en^r heTr01"8,^6 f0t0S  ^ be -de-     ^    No W-ln^d shock'v "s 
"the vake £MT'     ^    ^ ^^^^ ***** gradients are found primarily 
in the vake of the beam,  are primarily in a direction orthogonal to the beam and flol 
directions    and shov that the laser absorption causes a density decrease rather thar 
a density increase as vould be expected for one-dimensional simple heating theory 

These effects are contrary to the simple estimates made  in Section 3 abo^e 
b.t are undoubtedly related to the tvo-dimensional nature of the flov in the viciniU 
of the 10.6 , b..am.    This tvo-dimensional character  can be seen clearly in Fi^T 

are sh™ ^FiVT'T Ph^OS,  ^ ^ ^ l0Cated at a hl^er ™* *****> are shov    in Fig.   7.    These flov  conditions vould potentially lead to stronger shoo, 
(i.e      g,:  ater net  change  in mach number) .ith a sufficiently strong interaction 
The pho os  ^hov a veaker density change than in Fig.   5,  even though'the  ca"u at'd 
AT    is  larger than that required to decelerate the flov to mach one.    This effect 
again  is probably due to the tvo-dimensional nature of the flov. 

additional schlieren photos,   under various  conditions,  as veil as various  beam 
measurements have been made;  hovever,  these data have not yet been analyzed. 

■^Ml 
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5.    Future Program 

During the remainder of the  contract  period,   detailed analyses of the experi- 
mental data vill be  carried out,  and additional measurements »111 be made,   as 
necessary.    The analyses vill include estimates  of the magnitudes  of the   laser- 
induted density variations,  analyses of the  near-field and far-field beam patterns 
and correlations   of the laser-induced -.ffects  under different flov conditions. 

-8- 
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SECTION III 

THERMAL BLOWING OF A SLEWED BEAM WITH A DEAD ZONE 

1.     INTRODUCTION 

A potentially serious problem in the propagation of high intensity laser beams 
through tne atmosphere arises when there  is  a region of tne patn where there  is no 
motion of the medium relative to the beam.    The stagnant region of tne path is  con- 
veniently referred to as a dead zone.    This  situation can occur under certain cir- 
cumstances when a laser bear, is being slewed from a vehicle which is moving in a 
direction opposite to the s'.ewlng motion.    The propagation of a slewed laser beam 
having a dead zone has bee.i treated analytically (Refs.  5, 6) and the models predict 
that severe thermal distortions will iesult  in some specific cases.    The purpose 
of this study is to experimentally assess the problem and,  if possiole,  to relate 
the experimental results  to the longer scale propagation in the atmosphere.    A lab- 
oratory simulation is made by pivoting an absorption cell about a point,  which then 
phiriically locates the position ox the dead zone.    The use of an absorbing gas, 
sur:h as COo at a pressure  in the range of 1-10 atm,  gives an absorption over a'l-ra 
path comparable to that experienced by a 10.6-^m beam over a several kilometer range 
in the atmosphere.    The experimental apparatus has been set up and preliminary data 
taken to evaluate the performance of the equipment.     Based on these results and a 
study of the  analytical models,   future plans  for this   investigation are being formu- 
lated. 

2.     EXPERIMEYTAL APPARATUS 

The experimental arrangement,   illustrated in Fig.  8,  consists of a 1-m long, 
h.l-cm I.D.  absorption  cell,  a tached to a pivoted beam,  which  Is  driven by a 
linear reclprocator and synchronous motor.    The ant1-reflection coated germanium 
windows  have a h-cm aperture;  and,  together with the ~ 1 cm beam diameter of the 
entering laser beam,  this aperture limits  the  sweep to 3 cm.    The laser beam is 
turned on and off at the ends of the travel by a microswitch controlled solenoid. 
A 10-msec shuttering time  is obtained with the present arrangement;  however,  by 
Placing the shutter in the focussing telescope,  this time could be reduced an order 
of magnitude.    The laser beam intensity is  measured with a jold-doped germanium 
detector (Santa Barbare Au:Ge-HS) and displayed on a Tektronix  536 or I+5U oscillo- 
scope. 

The laser used in the experiments  is a 2-m long,  15-W,  stabilized COp laser. 
When properly alllgned and adjusted a TEMQO beam is obtained  and persists  for 
several hours of running time.    The diameter of  the beam is approximately 1 cm, 

giving a divergence of 3 mrad.    If focussed by a 1.5-m focal length mirror,  the 

mmm 
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beam diameters at the entrance and exit vindovs of tne absorption cell vould be 
0.7 cm and 0.U5 cm, respectively', vhich doe. not represent a very satisfactory 
focussing arrangement. Therefore, the beam is expanded by a tvo-fold Galilean 
telescope vhich is also used to give a focu. at 2 m. This arrangement should 

W ?am diarneters of 1-0 cm and 0-25 cm at the entrance and exit vindovs 
sholn Q'i . P°wer-in-the-b^^t measurements of the beams at these locations 
showed 9^ of the pwer was contained in a fundamental gaussian beam vlth l/e-beam 
diameters of 1.0 and 0.25 cm,  respectively.    A scan of the beam at the exit vindow 

Tht\XJle*TT I!60101"3 "' a 600^ Pln h0ie'   iS Sh0Wn in Fie- 9 and verifies the  integrated intensity measurement of the l/e-beam diameter. 

3.    EXPERBIENTAL RESULTS 

«i,    Tl +
eXPer'mental data 0btained t0 date has been lar«ely exploratory in nature, 

s^ndiL Ttn    T ?ValL tl0n 0f the Perforniance of th. apparatus and an under- 
standing of the basic parameters involved In the study. 

In the experiments the direction of the  laser beam and the position of the 
detector are fixed and the medium is moved relative to the beam by pivoting the 
ceil.    A small problem involving the intensity normalization vas anticipated with 
this arrangement      At the center of the travel the  cell windows are normal to the 
directxon of the  laser beam and the beam nasses through undetected.    At either 
end of the travel the windows make an angle of 1.7° relative to the normal and 
the beam is  deflected 0.01 cm from the  intended path.    Since a 0.06-cm aperture 
is  used to monitor the beam intensity the O.Ol-cm displacement could result  in 
a notxceable change   in the  intensity over the  3-cm travel.    However,  the focuss^d 
b am profile, Fig    9,   is fairly broad and,  together with other effects such as the 
fin .e angle of the beam cone and wedging of the windows,  the beam intensitv is 
nearly constant over the B-crn travel,  as shown in Fig,.  10(a). 

The effect of an absorbing gas on the propagation of the focussed,  slewed 
beum having a dead zone at th, center of the pat. is shown  in Figs.   10(b) and  (c). 

SVT.-l LTÜ'S f 30 PSig (3 ^^  iS  USed'   giVir- an Sorption coefficient 
of 0.2 .      and an 82^ transmission over the  1-m path length.    The laser beam inten- 
Sity ayeragea over  ohe 0.06 cm aperture is also initially 82^, but then decreases 
with time as  heat  is   deposited in tte medium and the beam spreads.    After aoproxi- 

dJfSlonTl a"era?e
+
intensi^ leve^ off as  natural convection and thermal 

in FiL     lo^r06.   ?% inPUt and giVe riSe t0 a Stea^ State-     The  ^ ^own in Figs    10(b) and  (c),  were made with velocities  of 0.2 cm/sec and 2 cm/sec,  respec 
tlvely (slew rates of 0.00k ..c-l and 0.0k sec-1);  and the intensity minima ^cuT 
at O.75 sec and 0.3 sec, respectively.    Figs.  11 (a) and (b) show how the medium 
ha    move    relative to the beam for these two slew rates aud elapsed times.     In both 

inllll      g* r    0V      he Path iS eSSentia^ sta^nt during the transient time 
interval and the dead zone  is not well defined.    To obtain a good definition of 
the dead zone it will be necessary to employ slev rates an order of magnitude faster 

^ 
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For instance, Fig. 11 (c) sncvs the movement of the medium for a slew rate of 0.2 

sec"1 and an elapsed time of 0.1 sec.  For this slev rate the 3-cm sweep is com- 

pleted in 0.3 sec, that is, the whole sweep is within tae transient time regime; 

and, for all but the central 20 cm of the path, the velocity due to the beam slewing 

exceeds the natural convection velocity. As a result, a fairly well defined dead- 

zone would be expected. A speed of 10 cm/sec is approximately the upper limit of 

the apparatus, as the use of higher speeds gives rise to undesirable motions and 

vibrations of the optical table. 

k,    DISCUSSION 

Hogge and Butts (Ref. 6) have performed numerical calculations for the thermal 

distortion experienced by a slewed, high power beam having a dead zone in the center 

of the path. The parameters used in the numerical study and typical laboratory 

values are given in Table I. The calculations predict that the normalized intensity 

will decrease to 0.79 and 0.22 for elapsed times of 0.01 sec and 0.1 sec, respectively. 

The point of maximum irradiance on the wind axis and the location of the power 

etntreld only move a small fraction of the beam diameter from the target point, 

because of the spherical symmetry of the negative lens at the dead zone and the 

approximate cancellation of the beam motions relative to the wind occurring before 

and after the dead zone. P.  greater amount of spreading occurs transverse to the 
wind axis with an eccentricity increasing from 1.3 to 2.k  as the time goes from 

0.01 sec to 0.1 sec. An interesting feature of the calculations is that the inten- 

sity distribution at 0.1 sec shows two peaks symnetrically positir.ied above and 
below the wind axis. 

The non-dimensional parameter, Nt, characterizing the distortion arising from 
a stagnant zone in a beam path is given by 

-nTaPtRA 

^ ?o cp ? (M 

where nT is  the temperature derivative of the  index of refraction of the medium, 
o0 is the density,   c    is the specific heat at constant pressure, a  is tha absorption 
coefficient,  P is  the beam power,  a is the beam radius at the dead zone,  R is the 
range, A  is the  length of the dead zone,  and t  is the elapsed time.    The relative 
intensity resulting from a dead zone located at a fractional position x = z/R in 
the propagation path  is given by 

hEL B l 

a
R aR 

2Nt(l-x)  -   (1 " i^ ) +   p -   a^  ) Nt   (1 - x) 
(5) 

_5 
+ Nt  (1  -  x) 

12 
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vherf a^ and a^ are the laser beam radii at the dead zone and the target, respec- 

tively. All of the variables required to evaluate the distortion parameters are 

known, except for the effective Itngth of the dead zone. Two possible definitions 

might be employed. First, one migrt imagine that the length of the dead zone is 

determined at any instant of time by that portion of the path which does not meet 

the conditions for steady state blooming, namely, V(z)'t > 2a(z), where V(z) and 

a(z) are the velocity and the laser beam radius at the point z. For a slewed beam 

V(z) = ^(z-z-p), where Q is the slew rate and zD is the position of the dead zone. 

Using this definition and the parameters of Hogge's calculations, the length of 

the dead zone is lk-0  m at 0.01 sec, giving a distortion parameter of 0.55 and a 
relative intensity of 0.03. This reduction is over an order of magnitude greater 

than that predicted by Hogge, and indicates that this definition overestimates the 

length of the dead zone. 

Hayes (Ref. 5) has examined the dead zone problem and gives a rather restric- 

tive definition of the stagnation zone. When heat is deposited in a gas, there 

is an effective radial expansion velocity given by 

B    TT e D0 a (V 
(6) 

where y  is the ratio of specific heats at constant pressure and constant volume 
and Cs  is the speed of sound.    Hayes  defines the  length of the dead zone, A  ,  by 

n|   =  6v 2 r (7) 

where ;:   is   on the order 10 or greater.      Using this  definition and Hogge's  para- 
meters,  the thermal distortion from the dead zone  is   found to be two orders  of 
magnitude smaller than the net distortion predicted by the numerical calculations. 

Thus  it would appear that some definition intermed'.ate between the two is 
appropriate, and well-planned experiments together with some analytical insight 
may help to resolve this problem.    Physically one can describe the problem of 
slewing in the presence of a dead zone as follows.    At the  instant the beam Is 
turned on,  the whole propagation path is within the transient regime;   however, 
the heat  input is   infinitesimal and no distortion is  seen.    At some later point 
in time,  three regions  can be distinguished:     (l) regions which satisfy the  con- 
dition for steady state blooming;  namely, Q  (z  -  zD)  t > 2 a(z),   (2)  intermediate 
zones where there  is  some heat removed by forced convection due to slewing,  and 
(3) the true dead zone where the forced convection velocity due to slewing is 
comparable to the radial convection velocity,  thermal conductivity,  or other 
local disturbance.    As time  increases and greater portions  of the beam satisfy 
the steady state conditions the portion of the path occupied by the intermediate 

•12- 
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zones ana the dead zone shrinks  in mi mm    t. 

of heat has been deposited  in those  c^MnedT'  ' PrOPOrti0na1^ ^^ter amount 
any instant of ti.e an effective llnlTofVe^^        1^' We Can define at 

tu stand for the  combin-eTl^T ^7?.       +. 
d "^   '   USlng thls term ^sely 

«1th an increasing time LT^.^^f ^ ^^^^ t0 de— —hat 

experimental program  is to determine    he      fetiv"!1"631" ^      ^ g0ai 0f ^ 
and,  by .aryxng available parameters    to llV ll ^ ^ the iab°ratory case 
tion situation. P *'   t0 SCale these "^ings to atmospheric propaga- 

5.    FUTURE PLANS 

^s bee^tm^aWa0: ^TslTZT ^ ^^ *~^ P-gram 
constructed.    By placing this   c      ' „' ^ ZlTnl "V' ^ ^ ^^ 
function of time the transient distortion duet        ™it0tit* the  density as  a 

- the oath can be assessed.    The    ntensu    !i  1 J        " ^ ZOne at a ^Ven ^int 
convection and thermal conductivity oJ^heJ, ^ Vith time  L'nti]- ^t'oral 
BY varying the gas  pressure theiLtL    ontr-W6 ' ^^ ^  leVel- 
separated,  as thermal conductivitjd spLvs a    t ^  ^ theSe tWO effeas   can * 
^e of high pressures   is  desirable in thlZ T^ PreSSUre dePe^ence.    The 
vection ti.es  for the beam diameter    used? T561"1^8  aS the auction and con- 
situations vill be  long.     B^v nTth      eU t    ' ^ ^^^ P-pagation 

tion path,  the relative severity    ? a    ea    zone IT.   POSiti0nS al0ng the ^Z*- 
Finally,  the effective  length mLht L T. * glVen p0lnt can be determined 

Point in the path the distortio g   t    d^ rbT:^" ^ f0UOTing "*'    ^ a ^'- 
mined with the stationary cell as  descr beH t ^ **** 20ne Can be det^- 
intensity as a function of time vith vlrJol     ? t ^^ 1S then "^ of  ^ 
about  tta  center.     The  contrib tl    s  17Z ^u  Tl T ^ Sh0rt  CeU iS  ***•* 
state blooming conditions will bt VLJL SoT^.      i ^ ^ beam meeting the ***** 
time for a certain slev rate vith Z /i.f    l^       ^ ^ d-stort^ at a given 

elapsed time vill allov the ef ect ve    en'tT ^ tt ^ '^ Cel1 for that •- 

specified.    Through a variation ol the exoer,,^ giVen Set ^ COnditions * be 
and focussing conditions,  an attempt vi    ^1?^ PararterS'  SUCh aS be- P-er 
scale propagation situations.    Hav ng    oLlete^ tn      lüJ* theSe findingS to la^r 
thermal blooming of a sieved beam vith a deaJ .       ^ deSCribed above th* 
Parts of the problem should then b    vel        derj^d' h    ^ StUdied-    AS the S^* 
a final test of the experimental modeling      Thfl      IT** eXperiraents ^ Provide 
changed by moving the  position of the oiv^t !! < ^ ^ dead ZOne Can be 

the  case  of a dead zone  close to t e so rce ^^ attenti0n WiU be giv- to 
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TABLE I. 

Parameters in Dead Zone Studies:  (A) Numeri- 
cal Calculations of Hogge and Butts, und  ^3) 
Typical Laboratory Simulation Parameters. 

imeter (A) (B) 

R 1 km 1 m 

a? 100 W/m k W/m 

n 0.27 sec'1 
0.2 sec" 

a(o) 35 cm 0.35 cm 

a(R) 1.9 cm 0.085  cm 

Key: 

R: Range 
a: Absorption Poefficient 
P: Beam Power 
Q: Slew Rate 
a(0): Beam Radius at Source 
a(R): Beam Radius at Target 
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