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Technical Report

Under this contract, the influence of beam jitter on the thermal blooming
of a laser beam is being investigated. Thermal blooming is the self-induced
thermal distortion of a laser beam caused by the absorption of a portion of the
laser beam energy which heats the air in the path of the beam and, in turn,
results in changes of the refractive index that produce the beam distortion.
With a stationary or uniformly slewing cw laser beam propagating in the atmosphere
with a uniform transverse wind the thermal distortion effects reach a steady-state
during tne wind transit time across the beam. The blooming effects under these
conditions have been studied extensively and are now well undierstood. In practical
situaticns, however, there is beam wander or motion due to jitter of the pointer/
tracker telescope or atmospheric turbulence which introduces transient effects
that greatly complicate the analysis ani lead to the requirement for complex 4-D
computer code calculations. Therefore, the purpose of this program is to examine
experimentally and theoretically the interaction of beam jitter and thermal
blooming with the objective of improving the understanding and ability to mcdel
high power laser beams propagation in the atmosphere. The approach used is to ex-
amine the jitter effects on blooming using scaled laboratory experiments to sim-
ulate the conditions anticipated in realistic Navy scenarios.

In this report the progress made during the first six months of the program
is described. Briefly, an experimental thermal blooming facility has been assem-
bled with a LO W CO2 laser, attenuator and a telescope to focus the beam through
an enclosed recirculating wind tunnel with an absorbing gas to simulate a trans-
verse wind in the atmosphere. A pair of electrically driven orthogonally mounted,
galvonometer mirror scanners are used to produce the beam jitter at the entrance
window of the absorbing path. Two independent, white noise sources are used to
pre 2 independent zero mean equal variance random x-y jitter signals to simulate
the symmetric long-time average spreading due to i-=1lescove tracking jitter. The
frequency dependence of the jitter effects on blooming is examined by controlling
the jitter drive signal spectrum with either Low-pass broadband or tunable narrow
bandpass filters. Experimental results chtained to date have been with broadband,
low-pass ( = 0-150Hz) jitter signals and & characteristic blooming freauency of
~l40 Hz is defined by the wind tunnel velocity divided by the focused beam diameter.
The relative irradiancewith both beam jitter and thermal blooming is found to
correlate well with estimates based on the root-sum-square (RSS) hypothesis, which
implies negligible interaction between the jitter and blooming processes. 1In
addition, the critical (or optimum) irradiance and power levels respectively, de-
crease and increase with increasing beam jitter as expected on the basis of simple
scaling laws.
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In the remaining portion of the program additional experimental results for
jitter effects on blooming will be obtained with particular emphasis on the
frequency dependence and its influence on modeling the effects.
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I. INTRODUCTION

The self-induced thermal distortion of laser beams in the atmosphere is a serious
problem for high power laser applications and has received considerable attention both
experimentally (Ref. 1-6) and theoretically (Ref. 3, 7-10). In these previous studies
of thermal blooming effects on cw beams the emphasis has been primarily on the idealized
case of the steziy-state thermal dirntortion that occurs with a uniform wind field along
the beam path or, in addition, with beam slewing. In practical applications, the
situation actually is more complex since transient effects due to the scintillation and
beam wander associated with atmospheric turbulernice and the jitter of the transmitter
optics are also encountered. To analyze theoretically the influence of these and
other transient effects on the thermal blooming is difficult and requires the use of
a complex four-dimensional computer code (Ref. 11). Another approach, which is relatively
straightforward and thus, may be simpler is to examine the effects experimentally and
use the results to verify the 4-D code calculations as well as to determine empirically
the appropriate changes to the scaling laws for cw thermal blooming. Thus, in the
present program, being conducted by UTRC for the U.S. Navy under the sponsorship of
the Defense Advanced Research Projects Agency, an experimental and theoretical in-
vestigation of the effects of beam jitter on cw thermal blooming is being carri d
out. The purpose of the program is to examine in laboratory simulation experiments
for conditions of interest to the Navy the interaction of beam jitter effects on
thermal blooming and through simplified theoretical analyses attempt to model the
experimental results and develope procedures to account for beam jitter effects on
the scaling laws for cw thermal blooming.

The progress made during the first six months of the subject program is des-
cribed in this semi-annual technical report. In Section II some basic considerations
of laser beam jitter are discussed to help in defining the requirements of the
labcratory simulation experiments. The experimental arrangement and procedure for
examining the influence of beam jitter effects on thermal blooming is described in
Section III. GSection IV contains the experimental results obtained to date for the
interaction of wide-band (DC-250 Hz) beam jitter wiin thermal blooming. In Section
V the root-sum-square approach to modeling beam jitter effects on blooming is dis-
cussed and used to obtain modified scaling laws for the critical or optimum irradiance
and power. Finally, plans for conducting further beam jitter and blooming experiments
with tunable narrow-band noise at frequencies below, comparable to and above the
characteristic blooming frequency are described in Section VI.
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IT. LASER BEAM JITTER

Laser beam jitter can result from a variety of sources within the laser system
and is a serious limitation on the pointing accuracy of the beam. For example, beam
jitter may be due to instabilities in the laser medium, vibrations in the cavity
optics, optical train or laser platform or from the residual noise or hunting instabil-
ities of the pointing and tracking system for the primary transmitter mirror. It is
not the purpose of this discussion to point out all the possible sources of jitter
but, rather, to estimate the magnitude and frequency spectra of the jitter *hat may be
expected for realistic naval scenarios and to consider qualitatively its effect on
thermal blooming.

The rms magnitude and frequency spectrum of beam jitter will, of course, depend
on the details of the laser platform and vehicle design. Typically a servo controlled
stabilizing platform is used to reduce the gross motion and vibrations transferred from
the vehicle to the pointing mirror. Also servo controlled autoalignment and pointer/
tracker systems may be employed for the laser/optical train and telescope, respectively.
In any case, system noise and errors will always result in a certain residual level of
beam jitter which, based on current state-of-the-art systems, corresponds to rms jitter
angles in the range of 10 yvadians cr greater with frequencies in the range of 0.5 to

80 Hz (Ref. 12). A typical example for the power spectrum of jitter which a laser beam
may experience is shown in Fig. 1. 1In addition to the low frequency peak below 1 Hz
there is a second peak around 30 Hz. At higher frequencies the jitter spectrum falls
off at a rate of about 25 dB/decade. For the example in Fig. 1, the rms jitter is

OJ = 15u Eadians as found by integrating the spectrum to obtain the mean saquare beam
Jjitter OT .

The effect of beam jitter on linear propagation is to tend to reduce the time-
average peak irradiance at the target. 1In particular for a randomly wandering Gaussian
beam, the average irradiance distribution can bs shgwn to also be Gaussian with the
1/e beam radius increased by the factor (1 + 6_/6 )1/2, where ©_ is the rms jitter
angle and 60 = l/ka is the diffraction spreading gngle of the Gaﬁssian beam with ao
equal to the 1/e radius at the source and k = 2n/) is the wavenumber with ) the wave-
length. Here we have assumed the orthogonal jitter angles OX, 6. to be independent
gng nogmglly distributed random variables with zero means and equal variances
Oy = Oy = 0 2 2, i.e., the jitter is isotropic. Clearly, the beam jitter has a
significant e%fect on the average irradiance only if © /0013 1, or, if the aperture
diameter D = 2 Vrﬁ—éo‘z x/2 © . Thus, for the example in Fig. 1 with @ = 15u radians,
the effects of jitter become gmportant for aperture diameters D> 13 chand 35 em for
» = 3.8um and 10.6 um, respectively.

The interaction of beam jitter with thermal blooming introduces a transient
aspect to the problem since the beam position at a fixed range is wandering randomly
about the pointing axis. The convective thermal blooming effects depend on the re-
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moval of absorbed energy by the motion of the air relative to the beam. Assuming

the mean relative air velocity resulting from both wind and beam slewing is v(z) and
the beam diameter is d(z), the characteristic blooming time tg(z) = d(z)/v(z) is re-
quired for the steady-state convective thermal lens to be established at the particular
range z. The effects of beam jitter on the thermal blooming can be simply under-
stood in the two limiting, idealized cases where the characteristic jitter frequency
f_ is either very large or very small compared to the characteristic "blooming"
frequency fB(z) A~ l/tB(z). Thus, when the jitter motion is very rapid, i.e.,

fJ/f > > 1, the steady-state blooming and the average irradiance can be predicted
baseg on the average irradiance profile with only jitter effects included. For the
case of very slow Jitter motion, i.e., fJ/f < < 1, the blooming can be predicted
based on the irradiance profile without jitger and the average irr.diance is found
by averaging over the jitter motion of the bloomed irradiance distribution. In these
two limiting cases the effects of jitter or beam wander and blooming are uncoupled
and treated independently by virtue of the averaging process.

When the jitter and blooming frequencies are comparable it is no longer obvious
that the effects can be decoupled and treated separately. In general, the situation
is also complicated by the fact that the blooming frequency varies along the path
due to focusing and slewing and, in addition, the jitter motion consists of a spectrum
of frequencies rather than a single characteristic frequency.

To give an example, consider the following case:

A = 3.8um

D = 50 cm

z =3 km

v = 10 m/sec
d(3km) = 2.9 cm

Here, the blooming frequency varies over the range, 20 g f < 350 Hz, in going from
the source aperture to the focal plane. Except near the aperture where the jitter
motion is small anyway the jitter frequencies shown in Fig. 1 tend to e smaller

than the blooming frequencies, i.e., fJ/fB‘S 1, in this case. Smaller crosswind
velocities, larger aperture diameters and longer ranges would all tend to reduce

the blooming frequencies and increase the amount of overlap with the jitter trequency
spectrum.

The beam wander effects associated with atmospheric turbulence should be essen-
tially the same as jitter with regard to their effects on thermal blooming. In this
case the characteristic beam wander frequencies should be comparable to the blooming
frequency near the source aperture since t*e index gradients in this region are most

p)
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important in producing the wander effects. Ir the experimental program to investigate
the beam jitter effects on thermal blooming the jitter frequency spectrum will be

one of the variables and the various extremes of f /f <,~, > 1 will be examined.
From the preceding discussion it appears, however,Jtth in most practical situations
with focused beams and slewing the condition fJ/fB'S 1 holds over most of the path.
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ITIT. EXTERIMENTAL FACILITY

In this section the equipment, experimental arrangement and types of beam
Jitter signals used to investigate beam jitter effects on thermal blooming will
be described,

The basic experimental arrangement for examining beam jitter effects orn
thermal blooming is shown in Fig. 2. The principal equipment components con-
sist of (1) the laser, attenuator and telescope; (2) device to produce beam
jitter; (3) recirculating, enclosed wind tunnel containivc absorbing gas to
simulate the effect of a transverse wind; and (4) diagnostic equipment including
power meters, variable aperture & point detectors and Kalvar film. With the
exception of the beam jitter apparatus all of the equipment was available from
previous thermal blooming studies. Extensive modifications and testing of the
wind tunnel were required, however, to obtain a stable, low velocity flow and
also reduce the bourdary layer thickuess at the entrance window to the absorb-
ing path. Basically, the changes involved replacing the original six 200 cfm
blowers with a single 30 ctm blower, increasing the area ratio between the
optical path test section and iuput side of the two-dimensional venturi and the
installation of new window mounts which place the inner surface away from the
end wall to reduce boundary layer effects. Alsc a variety of foam pieces with
different thicknesses and porocity were tested to improve flow uniformity and
stability. The best configuration for wniform and stable low velocity flow
was found, however, to ve with no foam at all and only a 0.5 in square mesh
by 0.5 in thick fluoresceni light diffuser used as a flow straightener before
the test section venturi. The wind tunnel flow has been probed at five posi-
tions, each spaced approximately 2L cm apart;, along the 1lm optical path, with
a hot wire anemometer (Flow Corporation Series 800 Flowmeter). The flow was
found to be stable and uniform at the five test positions along the optical
path over the available velocity range estimated to be rrom a minimum of 1-5
cm/sec to a maximum of 15-20 cm/sec. (Ref. 13).

Because of the overation of the wind tunnel at 1 atm pressure as opposed
to near 10 atm in most of the previous blooming studies involving gases in a
translating absorplion cell, (Ref. 4) a larger velocity is required to prevent
conductiion effects from interfering with the simulation of the convection
dominated thermal blooming which is important in the atmosphere. The higher
velocity which is also dictated by requirements for the uniformity and stability
of the wind tunnel flow, means that more laser power is required to obtain Lhe
same amoun! of thermal distortion for the same beam geometry and fractional
absorption. Thus, a second gain tube has been added Lo the existing €O,
laser to increase the oulpuf, power capability from 15-20W to greater than LOW
for single (TEMOO) mode operation.

o e s
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Thoe experimental arrangement and basic procedures used to observe the
thermnl distortion effects has been described in detail previously (Ref. k,
14). The main difference between these experiments with the recirculating wind
tunnel and those conducted with the moving cell is that the thermal distortion
effects can be observed indefinitely rather than only the several seconds dur-
ation allowed by the 4.5 cm cell diameter. The continuous thermal distortion
effects provided by the recirculating wind tunnel allows much longer averaging
times to be employed and also simplifies the required beam diagnostics relative
to the moving cell approach.

To provide beam jitter in the experiments two orthogonally mounted, elec-
tronically driven galvonometer scanner mirrors are employed. The mirror
scanners (General Scanning G-300 PD) include position detectors with closed
loop servo control and drive electronics to avoid mechanical resonance problems
and provide a flat frequency response. The frequency response as measured with
a focused HeNe laser beam is shown in Fig. 3 for both the horizontal (parallel
to wind tunnel flow) and vertical mirror scanners. The response of both scanners
is flat to within + 0.8 dB from 5 to 100 Hz and at higher frequencies rolls off
at a rate of 3 dB per octave.

In determining the type of jitter drive signals to be used to simulate
the beam motion of a typical pointer/tracker telescope single frequency sinusoidal
signals were considered initially. Although single frequency sinusoidal jitter
motion is convenient and desirable for studying the dependence of the jitter
effects on blooming on the ratio of jitter-to-blooming frequency, f_/f_, the re-
sulting beam motion at the focal plane is in the form of a lissajous pattern
that varies from a diagonal line to an ellipse or circle depending on the
relative smplitudes and phases of the x-y drive signals. In addition, a single
frequency sinusoidal one-dimensional jitter, which has been considered as an
interesting choice for its analytical convenience, tends to produce a bimodal
spreading of the average irradiance profile. Since, lacking more specific
information, it is more reasonable to assume that typically pointer/tracker
beam jitter results in an isotromic spreading of the average beam pattern to
a circular shape with a central peak, because of its origin in zero-mean, ran-
dom noise signals, the single frequency sinrusoidal jitter signals with beam
motion, as described above, does not appear to be the best choice for the
simulation experiments. Thus, we have chosen instead to use two independent
thermal noise signals to provide the x-y heam jitter in the simulation experi-
ments. A block diagram of the jitter signal drive electronics rfor the hori-
zontal scanner is shown in Fig. 4. Broadband noise from DC to 300 Hz is gen-
erated by a high-gain differential amplifier (Tekironix 1A7A). This noise
signal is then fed into either a broadband low-pass amplifier or a tunable
bandpass filter (Tektronix AF501) to p:wvide either a broadband (0-300 Hz)
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or tunable (3Hz-300 Hz) narrcw band (effective Q-1)) random noise signal to drive
the galvonometer scanner. For the horizontal scanner charnel, as showr., a

slow rampsweep signal can be added to the noise to slowly scan the jittered

beam across e point detector for recordins the time average irradiance profile,

An rms reading voltmeter is used to measure and calibrate the random noise sig-
rals for both the x and y scanner channels.
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IV. EXPERIMENTAL RESULTS

In this section, we present the experimental results obtalned to date for the
effects of beam jitter on thermal blooming.

ey T BT

In all of the experiments to be discussed, the jitter drive signals used were
wideband (0-300 Hz) random noise, with the jitter motion modified by the scanner
! response (i.e., 3 dB bandwidth is from < 5 Hz to 250 Hz) as shown in Fig. 2. Data
are shown for experiments conducted on three dates: 4/11, 4/23 and 4/24. The experi-
mental parameters are given in Table I. The absorbing gas used in the wind tunnel
is nitrogen-seeded with a small amount of propylene (C3H6) at a total pressure

i of' one atmosphere. The wind tunnel is equipped with 5 cm diameter, 0.6 cm thick NaCl
3 windows. For all but the 4/24 data the beam distortion measurements were made using
| a variable aperture centered on the average peak irradiance to provide a cumulative

power distribution curve, i.e., the fraction of the total power collected as a func-
tion of increasing aperture dlameter. The position of the peak of the average irra-
diance profile was found by manually scanning the small aperture along the flow direc-
tion through beam center. The U4/24 measurements, however, were made with the beam

i slowly scanned across a fast point detector and the average irradiance profile is
obtained from an oscilloscope trace.

The irradiance profile and a Kalvar film image of the laser beam at the wind
| tunnel entrance window is shown in Fig. 5 for thc uata obtained on L/11. The beam
' shape is nonsymmetrical and deviates substantially from a Gaussian profile presumably

because of a slight misalignment of the laser cavity or degradation of the NaCl Brewster
i angle windows.

The irradiance profiles and Kalvar film images of the unbloomed focal spot are
shown in Fig. 6 both without and with beam jitter. The jitter drive signal level was
adjusted to be 3 millivolts rms at the input to the scanner drive amplifier (see Fig.
L). This amount of jitter reduces the mean cn-axis irradiance level to about 43% of
the value wihtout jitter and thus corresponds to an rms radial motion of the focal
spot of 1.15 times the undistorted beam radius. Taking d = 0.2 cm as the diameter of
the undistorted spot and with the wind tunnel velocity v = 8 cm/sec, the blooming
frequency at focus is fp ~ 40 Hz. Since much of the jitter energy lies at higher
frequencies, i.e., fJ/fBI>l for most of the jitter motion, the blooming effects should
be expected to correlate with the blooming predicted on the basis of the average un~
bloomed beam profile including jitter. That is to say, the characteristic blooming
time is sufficiently long to average over most of the random jitter induced beam motion.

In Figs. 7 and 8, cumulative power distribution curves are shown with and without
the beam jitter (rms level aJ/ao = 1.15) for weak and strong blooming conditions,
respectively. The results without thermal blooming are indicated by the open symbols
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and the circles and triangles represent the cases without and with beam jitter,
respectively. The weak and strong blooming cases refer to the power levels of
Pipy = 5.5 W and 11 W for which the values of the distortion parameter are N = 2.9
and 5.9, respectively (Ref. 4).

The results of the jitter and blooming experiments have been analyzed using the
aperture diameter de containing 63% of the total power to define an effective beam
area, A = ndez/h. Thus, we define the relative irradiance Ippr = Aj/A = (dao/de)?s
where Aj and A (or, d,, and dg) refer to the effective areaR%or diameters) of the
ideal (i.e., unjittered and unbloomed) and distorted beams, respectively. The values
for Ippy, obtained from the L/11 data in Figs. 7 and 8 are shown in Table II. For the
weak blooming case (N = 2.9), the values Igpy, = 0.46 and 0.32 were obtained without
and with the beam jitter, respectively. For the strong blooming case (N = 5.9), the
values Iggp, = 0.094 and 0.096 were obtained without and with beam jitter, respectively.

The value of IREL can be estimated on the basis of the simple addition of areas
A = Ay + Ag + Ay, where Ag and Ay are determined from the relations

1

IREL(B) = E—I—Z£7K6 (4-1)
Iger(9) = —= k4
REL T+ &3/A, (k-2)

for the blooming and beam jitter effects considered separateiy. This is often referred
to as the root-sum-squaring (RSS) method for treating the combined beam spreading
effects of diffraction, thermal blooming, jitter and turbulence, which implies that
all effects are essentially uncoupled or statistically independent and noninteracting.
The RSS estimate for Ipgr is then given by

1
T (B) L+ g () T -1 (4-3)

IREL(RSS) =

Comparison of values for IREL(RSS) with measured results in Table II shows agreement
to within 10% for both the weak and strong blooming cases.

A second, more complete set of results obtained on h/23 are shown in Figs. 9-13.
The cumulative power distribution curves without blooming are shown in Fig. 9 for
normalized beam jitter levels of aj/aj = 0, 1.15 and 1.72 based on the measured 1/e
beam radius ar of the undistorted beam and the calculated rms beam displacement as
determined by the measured rms jitter drive signals and scanner sensitivity. Reduc-
tions in average peak irradiance of Iggr, = 0.5 and 0.36 were observed from visual

11
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averaging of scans of the irradiance profiles with a fast point detector, which
corresponds to rms jitter levels of 1.0 and 1.58, respectively. Using the effective
area based on the 63% power diameters from Fig. 9 gives the values of Ipet, = 0.4k
and 0.24, respectively, for the two jitter levels.

Cumulative power distribution curves are shown in Figs. 10 and 11 for thermal
blooming with and without beam jitter for the power levels of Py =3, 6.1, 9.5 and
12.1 W, which correspond to the values of the distortion parameter N = 1.3, 2.6, 4.1
and 5.2, respectively. Using the 63% power diameters from Figs. 10 and 11 to define
the effective beam areas and relative average irradiances Igp, as described above,
the normalized average irradiance P IRgy, versus power P is plotted in Fig. 12 for the
different amounts of beam jitter. The dashed lines and open symbols refer to the no
blooming case and the decreasing slopes simply reflect the reduced irradiance with
increasing beam jitter. Figure 13 shows the normalized, time averaged peak irradiance
versus power as determined by the average power collected in a 1 mm diameter aperture
centered at the peak. Again, the dashed lines indicate the no blooming case. The
trends for the dependence of the peak and average irradiance on power for the different
levels of beam jitter correlate very well and exhibit the same crossover at P = 6.1 W
for the two jitter levels. The measured values of IREL and Igpr, (RSS) are given in
Table IIT for the various combinations of blooming strength and beam jitter.

The data on 7/2h was obtained from oscilloscope traces of the beam profile
as scamed slowly across a fast detector with a 50 Mm diamcter aperture. Using the
midposition of the irradiance profiles broadened by beam jitter to define the averegze
profile, the peak values were used to define the relative irradiance levels, which
are given in Table IV together with the RSS estimates. The normalized average peak
irradiance PIREL versus power P is plotted Fig. 14 for Tie various jitter conditions.
As before, the rms jitter levels are nominally 1 and 1.5 times the undistorted beam
radius. The data in Fig. 1l shows a trend of decreasing critical (or optimun)
irradiance and increasing critical (or optimum) power with increasing beam jitter
level. This trend is consistent with what is expected on the basis of simple
scaling laws based on the distortion paramcter N, as will be discussed Turther in
Section V. The absence of this trend in the data of h/23 shown in Figs. 12 and 13
is believed to be due to experimental error arising from inaccurately positioning
the variable aperture with respect to the peak of the average profile. As men-
tioned earlier the peak of the average profile was found by nominally moving the
aperture across the beam while observing the.power meter. Although the vower meter
response is slow enough (< 1 second) to provide some averaging over the jitter
effects the remaining fluctuation tended to cause difficulty in accurately establish-
ing the peak position. The data of 7/24 avoided this difficulty and thus, are
believed to be more reliable, since the beam profiles were obtained by scanning
the beam across a ctationary detector using a slow ramp signal to drive the
horizontal mirror scanner. The direction of beam scanning was against the wind
tunnel flow and was at a rate corresponding to a velocity of only < 0,03 cm/sec

at the focal plane which is nepligible compared with the 8 cm/sec flow velocity
of the wind tunnel,
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In Fig. 15, all of the measured values of relative irradiance for combined
Jitter and blooming conditions are plotted wversus the root-sum-square estimates,
Ipgr, (RSS). All of the data lie reasonably close to the L5 degree agreement line
which indicates that, within the accuracy limits of the experiment, there is
negligible interaction or effect of the wide bandwidth (~0-150 Hz) beam Jjitter
on thermal blooming. One notable case of rather poor agreement between T (meas)
and IREL (RSS) in Fig. 15 is seen from Table IIT to correspond to the case with
P=6.1 W or N=2.6 and ay/a = 1.15 from the !1/23 data. Were this value for TrEL
(meas) to lie on the L5 degree agreement line in Fig. 15, we would have Ipgy, %meas) =
0.25 rather than 0.15. This 67% increase in IREL vould increase the average
irradiance value in Fig, 12 from 0.9 to 1.5 for P - 6.1 W and the lower jitter level
case. This would make the trend of the data similar to that in Fig. 14 and, together
with the rather large discrepancy observed in Fig., 15, tends to confirm the suspi-
cion that the measured result for this case is in error.

Regarding error limits for the measurements it is estimated that the absolute
accuracy of the data for Igpr is approximately 1 20%. The relative accuracy for
the average irradiance versus power data from a partvicular set taken on the same
day is probably much better being on the order of * 5%. The major sources of
error and estimates of this magnitude are: the laser power level; + 2.5%; power
meter, 25%; reading of meter or oscilloscope traces, * 2.5%; aperture diameter
measurerent, 1 0.25 mm; aperture position exact error uncertain, dependent on amount
of jitter and e—eraging time used; laser mode drifting-potential for large errors
but usually can be avoided by monitoring the power level.
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V. MODELING OF BEAM JITTER EFFECTS ON
THERMAL, BLOOMING

A simple analysis of the implications of the root-sum-square (RSS) hypothesis
for treating jitter and blooming effects has been made assuming the simple scaling
law to hold (Ref. 15)

1
LT T o 9o

Here N is the distortion parameter Refs. 4 and 16 and C and p are constants. The
focused beam distortion parameter N m:l/B, where / can refer to the beam quality factor
for the undistorted beam or it can also be used to include the effects of beam jitter
and turbulences, i.e.,

B=/1+ (85/00)2 + (n/%)2 (5-2)

with 65, and g , being the rms jitter and diffraction angles, respectively.
Neglecting the turbulence pt spreading, i.e., setting et = 0, the peak intensity
with both Jjitter and blooming effects accounted for is then written

I . 1 TIgen(N)
-
= (5-3)
1
82+C'82-'p

Y
with I, the intensity with no jitter or blooming and C' = C(NB)
of B. According to the RSS hypothesis,

, which is independent

I _ 1
L L+ (85/0,)° + (8/8,)7

—{

(5-4)
= 1

B2 + fopV )
®p

1k

B

)l
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where (eB/QD)2 = (I/15) . =1 is defined by the blooming loss with no jitter. Using
Eq. (5-3) we find that ?63/90)2 = C' and thus the RSS hypothesis, E¢. (5-4) becomes

R . (5-5)
i gS + C'

Clearly, for the assumed scaling model Eq. (5-3) to be consistent with the RSS
hypothesis Eq. (5-5) or, equivalently, for the beam jitter to not interact with the
blooming loss, it follows that the exponent p in Eq.(5-1) must be two. If the experi-
mental data with beam jitter included can be shown to scale with the distortion
parameter N, it should be possible to use the model in Eq. (1) to fetermine the
validity of or, the extent of the deviation from., the RSS hypothesis.

It is interesting to note that while the exponent p'2 provides a reasonably
good fit to both experimental and wave optics code results for Gaussian beam shapes
somewhat smaller valves of p are found for uniform and annular beam profiles.

The verticel (or optimum) irradiance and the associated power level for a
fixed aperture dilameter, range, absorption and velocity conditions has been shown
to scale approximately as (Ref. 16),

Ig~L~ L (5-6)
8 Jis (85/80)°

and

P, ~B~/C+ (85/60)2 (5-7)

respectively. Thus, beam jitter decreases the critical (or optimum) irradiance

and increases the critical (or optimum) power by the same factor 8. Using the L4/24
data shown in Fig. 14 the scaling of the measured critical irradiance and power
levels Tor the two jitter levels of aJ/aO = 0.9 and 1.4 is compared with the

scaling based on Eqs.(5-6 and 5-7). The results which are shown in Table V, indicate ;
the prediction of the scaling expression for the critical irradiance is about 15% [
greater than the measured results. The measured values of critical power sre 23% ;
below and about 10% greater than the scaling law predictions for the small and :
larger jitter levels, respectively. Although the agreement between the scaling law
predictions and the measurements could be better at least there is agre=sment in the
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gross dependence on beam jitter level. Since the scaling expressions have heen

derived assuming weak absorption, or with az <<1l, it is possible that an improved
expression could be obtained by taking into account the effect of finite oz where
determining the correction factor to account for focusing in the distortion para-
meter N. It is through the dependence of N on the degree of focusing that the
effects of beam jitter as well as poor beam quality and turbulence are accounted fo:

in predicting the thermel distortion effects.




VI. FUTURZE PLANS

During tre remainder of the contract period the experimental measurements
and analysis of beam jitter effects on thermal blooming will be continued.
Although some additional broadband, jitter data remains to be analyzed, the
emphasis in the experimental effort will be to examine the dependence of the
Jitter effects on blooming or the ratio of Jitter frequency to the blooming
frequency, fJ/f . Thus, narrow band, tunable random jitter signals at frequencies
less than, compgrable to, and larger than the blooming frequency defined at the
focus will be used to determine the frequency dependence of the jitter effects on
blooming. Data will be obtained showing the effects of the various beam jitter
frequencies on the focal plane irradiance versus power curve. The experimental
results for IRE will be compared to estimates based on the root-sum-square
approach. 1In agdition, efforts will be continued to check the experimental results
against existing scaling relations and, if necessary, attempt to determine
appropriate modifications. Further efforts will be made to more accurately assess
and to reduce the errors associated with the blooming experiments. In particular,
laser power will be monitored with a strip chart recorder and the irradiance
profiles will be measured by automatically scanning the beam rather than using

the variable aperture approach to improve the accuracy and repeatability of the
experimental results,
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EXPERIMENTAL FARAMETERS

Absorbing Medium:

eir + propylene (C3H6) at 1 atm pressure

at = 1,55 (4/11), 1.24 (4/23), 0.66 (4/24)

v = ¢ am/sec (wind tunnel velocity)

Distances:
absorbing pathlength t = 99 cm

cell input to detector pinhole z = 104 cm
focal range F = 2
vertical (y) scanner mirror to detector

horizontal (x) to vertical (y) scanners

X - Y Mirror Scanners:
sensitivity = 0.17 mrad/mv

jitter signals = 0, 3 & 4.5 mv rms (wide band noise ~ 0-300 iiz)

Iaser:

002 at 10.6 u wavelength

2 0.36 cm {i/e radius at cell input)

a 0.066 cm (i/e radius in focal rlane)
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Teble II
Relative Irradiances (4/11 Data)
- (Measured )* Toor (Rss)
i *% *i
l | (Pin) I a.J./ao =0 a.J/ao = 0.94 aJ/ao = 0.94
] r 7
0 ’ 1.0 0.53 0.53 |
! '
2.9 (5'5). 0.46 : 0.32 0.33 ,
5.8 (21} 0.094 0.096 0.087 :
: i

*Ippr (Measured)= (ﬁeo/&e)2 where degs d,  are the 63% pover diameters measured
for the ideal (unjittered and unbloomed) and distorted and/or jittered beams,

respectively. ILo.. (RSS) is defined in Eq. (4-3).

##Here the normalized jitter radius a.J/ao is defined in terrs of IREL based

on .he 63% power diameters.

a1
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; TABLE III

RELATIVE IRRADIANCES (4/23 DATA)

*IREL (Measured) TREL {RES1
: N (Pin) a5/a,=0 1.13 1.78 1,13 1.78
0 1.0 0.L4 0.2k
1.3 (3) 0.5 0.30 0.18 0.305 0.19
5 2.6 (6.1) 0.38 0.15 0.15 0.26 0.17
j b1 (9.5) 0.12 0.09 0.12 0.10 0.09
rg.em_glg:%l___“ 0.06 0.03 0.04 0.05 0.05

*IREL(Measured) is as deformed in Table II and
IREL (RSS) as in Eq. (’4‘-3).
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2 RELATIVE IRRADIANCES (L/2L4 DATA)

1 *IREL (Measured) Lpr (RSS"

1 N (Pin) a5/a,=0 0.9 1.k %l 0.9 % 1.b

i 0 1.0 0.56 0.34 i% :

| 0.9 (3) 0.88 0.51 0.37 E 0.52 ! 0.32
1.7 (6) 0.65 0.39 0.28 ; 0.43 % 0.29
2.6 (9) 0.36 0.29 0.21 E 0.28 % 0.21
3.5 (12) 0.29 0.19 0.16 E 0.23 0.18
4.3 (15) 0.16 0.15 0.1k l 0.1k . 0.12

*IREL (Measured) is based on the peak values of the time averaged irradiance
profiles. Ipp, (RSS) ls defined in Eq. (L4-3).
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| TABLE V

B

f CRITICAL IRRADIANCE AND POWER SCALING

i WITH BEAM JITTER (4/24 DATA)

§

| I(3)/1y, P (3)/P,,

1

i aJ/ao Measured Eg. (5-6) Measured Eq. (5-7)
E 0.9 0.65 | 0.7h4 1.1 1.35

{ 1.4 0.51 I 0.58 ' 1.9 1.72

R75-922050-6

I

5 and Pco are the critical irradiance and power, respectively, without beam jitter.
c

S




Bels © g e TR ST wie TAGE
R75-922050-6
LIST OF FIGURES
Figure No. Title
1 Beam Jitter Spectrum
: 2 Experimental Arrangement
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3 L Block Diagram of Beam Jitter Drive Signal Source
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7 Cumulative Power Distribution Curves-Weak Blooming Case
(ran= 5.5W) (4/11 Data)
i 8 Cumulative Power Distribution Curves-Strong Rlooming Case
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a) P. =3W; b)P =6.1W
in in
g 11 Cumulative Power Distribution Curves with Blooming (4/23 Date)
F a) P, = 9.5W; b) P, = 12.1W
in in
i 12 Average Irradiance versus Power Based on Circular Aperture Areas
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NORMALIZED INTENSITY
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MEASURED VS ROOT--SUM—~SQUARE RESULTS FOR BEAM JITTER AND BLOOMING
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@® 4/23 WB(0-300 Hz)
X 4/24 WB(0-300 Hz)
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