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Statement of the Problem

¥ A three-year raesearch program to investigate the performance and
ry potantial of the laser time~of-flight (LTV) velocimeter with photon-burst

correlation datection for remote sensing of atmospheric crosswinds.

Summary of Results

'H% ' 1. The scaling law for the performance evaluation of crosswind
$ measurements with visible velocimeters has been established
theoretically and confirmed with laboratory and field experi-
| nerits.
| ii. The effacts of atmospharic turbulence on laser besm separation
I | and beanm radius have been assesved experimentally with & diode

array and the results interpreted.
iii, The signal particle urrivnllratc for crosswind measurements at
% : a range of 500 m has been predicted from the scaling law and
N the reaults agread with the measured rates within the experi-

mental errors.

. iv. With the successful measurements at a 500 m range, reported for

8 the first time, it is suggested that with proper method for

signal analysis, routine operation of visible laser vaelocimetry

at long ranges, up to 1000 m, should be feasible.
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I. Introduction

1t is well known that the frequency of scattered light from s moving
particle is Doppler shifted by an amount proporcional to its velocity.
This concept was firvst uscd in laser light scattering to meamure flow
velocities in 1964 by Yeh and Cummins [l]. Since Fhat time, variatione
of their tcéhniquo have been suggestad theoreticaliy and tested experi-
mentally in the laboratcry, as well as in the atmosphere, with consid-
arable success. A very recent review by Danielsson and Pike [2] has
provided an excallent general account on the history of laser velocimetry,

the comparison between coharent and incoherent systems, and the feasi-

bility for long=range atmospheric wind sensing. We concur with the main
i‘ conclusions of this review that becausa of the large coherent detection
area at 10.6 um and its high laser efficiency and power, the coherent

_‘“ ' co2 lidar system is most suitable for long-ronge radial wind veloecity

'éh nmeasuzements, but that when higher spatial resolution is raquired, laser
% valocimetry using visible wavelengths with photon correlation analysis

} still offers the bulﬁ results for atmospheric crosawind measurements.

\ In addition to aircraft applications, intensive studies for a Global

b wind measuring satellite system (WINDSAT) based on CO2 coherent lidar
technology are underway [3] and the routine operation of its ground-
based prototype system has been reported [4]. On the other hand,
although impressive progress in atmospheric crosswind measurcments with
visible wavelengths and photon correlation has been made [5], further
developments and investigations.for long-range applications are still

needed.
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In this report, we first review the progress of atmospheric
crosswind measurements in the visible for int rmediate ranges (roughly
25 m = 150 m) with the emphasis on photon-burst correlation techniques
which we developed for individual particle scattering [6~8]. The effect
of atmospheric turbulence on beam radius and on performance evaluation
and prediction for long-range applications from the scaling law [9,10]
is discussed both thaoretically and experimentally. Finally, the
prospect for long-range (roughly 150 m -~ 1000 m) crosswind measurements
with cw lasers in the visible wavelengths using photon-burst techniques,
perhaps modified to handle the unavoidable multiple particle scattering
in these ranges is suggested.

Although quite ralatcd'to each other, the optical system for cross-
wind measurements in the vieible is commonly classified as the differ-
ential Doppler (LDV) and laser transit or time-of-flight (LTV) systems.
A brief listing for successful atmospheric crosswind measurements
without artificial seeding according to the range and year of the work
runs as Bourke and Brown (30 m, 1971 [11]), Farmer and Hornkohl (30 m,
1973 [12]), Bartlett and She (60 m, 1976 [6]), Danielsson (60 m, 1980
[(13]), and Durst et al (105 m, 1980 [14]) with LDV, and Bartlett and She
(100 m, 1977 [7]) and Lading et al (70 m, 1978 [15]) with LTV, We note
that photon corralation is the key to success of all this work. The
concept of singla=-particle sc;ttaring and single photon-burst correla-
tion, which is knowingly or unknowingly involved in the crosawind
measurements for intermediate'rangel. has been the main theme of our
work [6-10] and will be reviewed here bLriefly. We also noticed that

more recently, Durst, Howe, and Richter [16] have rerorted a complete

LDV system with automated data acquisition suitable for routine
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measurement of crosswind velocity component at intermediate range
(106 m). This system, whose data analysis is capable of handling
photon bursts resulting from multiple~-particle scattering, as well as

single particle, may be suitable for applications in longer ranges.
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II. Single and Multiple Particle Scattering

Natural aerosol comes in different sizes and at random time
intervals. Depending on spatial resolution, incident laser power, and
detection system which may be set to partially eliminate weaker back=-
ground, the signal for a velocity measurement consists of a single or
multiple photon burst resulting from single or multiple particle scat-
tering [8]. The performance of LL'/ and LTV depends on aerosol conditions
and the manner in which these photon bursts are analyzed.

Perhaps the simplest way to appreclate the differences between
single and multiple particle scattering is to conaider several hypo-
thetical situations of light scattering from dust particles, as depicted
in Fig. 1. Four different combinations of dust particles are shown to
traverse a set of interference fringes on the left and two 1illuminated
lager beams on the right. Case (a) consigts of many small particles
which scatter an almost constant intensity of light n(t), say, in an
arbitrary unit of 10, at all times. The small intensity variation
detected in this case 1s the result of fluctuations of Poisson statistics.
As can be seen in case (a), the simultaneous scattaring from many small
particles at random positions yields no useful speed information. If a
single particle big enough to yleld a burst of light sufficient for a
speed measurement (we shall call it a signal particle) traverses the
interference fringes and/or the two illuminated beams, the detected
scattering intensity maps out the intensity profile of the viewing
volume and provides the information necessaty for the wind-apeed meas-
urement. As shown in case (b) in Fig. 1, the scattered intensity is
much less than the detected background light of case (a), but its

temporal variation contains the desired spesd information. A physically




very unlikely case is case (c), in which five signal particles are
aligned in parallel to the interference fringes and are traversing the
viewing volume together. This is very desirable because the contribu-
tions of these particles even in the incoherent case add to produce a
five=-fold increase in the intensity variation for speed measurements.
The small fluctuations in intensitiles in cases,/(b) and (c) are again
stacistical. 1In case (d), 20 randomly distributad signal particles are
assumed to traverse the scattering volume. The background light is more
intense than that due to one large particle, but the variation in
intensity yhich containg the velocity information is proportionally much
less due to interferences resulting from the random positions of these
scatterers. As these particles traverse the two illuminated beams, the
scattered intensity burets are much wider, resulting in a partial wash-
out of spead informition. It is apparent that the signal-to-noise ratio
rolulciné from the 20 scatterers (case d) is no bictcr than thut'due to 5
& single signal particle (case b). In fact, as the number of scatterers
continue to increase, the visibility of the interference fringes and
illumina;od beam profiles, as measured by scattered light, would be
washad out and the desired speed information no longer contained in the =
detected light intensity. Therefore the signal for a speed measurement,

when feasible, is best provided by the scattering of a large single

particla,

Altﬁough multiple~-particle scattering degrades signal-to-noise for
spead measurements as depicted in Fig. 1, a process called clipping‘uned
in performing digital correlation [8,17], which eliminates the background
of case (d) in Fig. 1, will enhance the signal-to-noise considerably
unlsss the number of scatterers is truly overabundant, as depicted in

case (a) of Fig. 1, Therefore, a photon burst, resulting from
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simultaneous scattering from a few particles, when properly processed is

also useful for speed measurement. Such a photon burst can be important
and should be included when long-range crosswind measurements are

% o considered.
;
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I1I11. The Photon Burst Correlation Method

To gain some feeling about the typical photon burst sizes
encountered in a crosswind measurement, we consider the signal frem a
dust particle 2 um in diameter backscattered from a 0.1 W, 0.5 cm
diamstaer lnlcr'boam at s distance of 20 m from the detactor. The baék—
scattering differential cross-section [18] 1s ipproximatoly 0.2 rz
where r is the radius of the particle. Since the laser intensity is
0.5 W/cm?. the differential bick—ncattored power would be (0.5)(0.2)(1 x
10042 2 1.0 x 10°% W/er. With a 20 cm diameter receiving telescope,
the detection solid angle is 7.85 x 10™° sx. -Por a laser at 5145 X and
a photomultiplier tube with 20 per cent quantum efficiency, the dotocéod

photon rate is calculated to be 4 x 10“ counts per second. If the

particle's transverse velocity is 100 em/e, it stays in the 0.5 cn beam

; VIEIEpERIEgRT . L ¥
DAY s A 2

for 5 ms, giving rise to a total detection of 200 photon counts. This .

is quite adequate for obtaining a single-burst digital correlation to

determina wind apeed. 1In practice, more than 0.1 W of powar could be
)' used to enhance the desired single-particle signal for measurements at

intermadiate ranges. At long ranges (>150 m), photon bursts resulting

Py, from multiple-particle scattering should also be considered.

:\ Thae photon burst signal is analyzed by a digital correlator, in

Eﬁ, which time is divided into discrete sample times, To and the number of

jé- ygéf- photon count:.nn(i)?in each anmglgftimn is mqguurcd. Thcidisitnl corre-

.ﬁgf a lation function of.thin~lignal for a sequence of N samples is defined as :
5 . R(1) = R(J7,) = f n(i)n(i~3) (1)

i=]




v where 1 < §J < J and J is the maximum number of delay channels in the
. correlator. To speed up the computation of R(1), a process called
single clipping [17) is often used. In this method, n(i~}) is set to
RRS : either 1 or 0 in a shift register depending on whether or not the

B actual n(i-j) is greater than x, a preset integer called the clip

leval. The time-consuming multiplication in (1) can thaen be done by

AN ARG E T I00Y

first anding each pulse of the present sample n(i) with the shift
register contents and then accumulating the results in the mamory

stores, to form R(t) in real time. When a relatively large photon

ST

L )
B

burst is analyzed, n(i) exceeds the clip level in most samples during

4

" the burst so that n(i=)) = 1; the single~clipped correlation functionm,

extrapolated to R(0) at v = 0, gives, at least approximately, the total
number of counts in the photon burst. The size of the photon burst (in
counts) can then be read directly from the correlation function at
v = 0 as R(0) minus the noise background.

The experimental arrangement utilized in the LTV £ield measurements

ias shown in Fig. 2. The output of a 1.5 W cw argon-ion laser at 5145 §

is sent to a Malvern model RF307 beam splitter. Using a single telaescope,
the two beams from the beam splitter are focussed at the sensing volume.

o Tha scattered light is collected by a Celestron 8-inch Schmidt-Cassegrain
' receiving telescope and daetected by a ITT FW130 photomultiplisr operated |
as a photon counter. The detected photon bursts are asent to a Malvern !

gﬁ K7023 digital correlator and a HP85 computer for analysis, The wind

! speead 1is alsoc measured by a cup anemometer with assocviated electronics.

él The fan, indicated in Fig, 2, is used for the laboratory experiments only.
F For our initial LDV field experiment [6], the focusaing telescope was

:. removed and the two beams were made to cross at the sensing volume

:: forming intensity interference fringes. For field experiments to verify
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the scaling law, the beam splitter was removed and one laser beam was
focussed to a spot in the sensing volume. The setup for indoor laboratory
experiments [9,10] is similar except that the focussing and recelving
toioocopcn were replaced by simple lenses, and the wind was created by a
fan running at a conatant spaed.

Before conducting serious studies of laser velocimetry, the above

setup was used to clarify the sensitivity of the photon-burst method,

and deternmine the minimum detactable burst counts. For this purpose,
many LTV and LDV speed measurements under minimal stray light conditions

were made in the laboratory. B8ix selected resulting correlation functions

. are shown in Fig. 3. Figure 3(a) corresponds to a particle just big

‘ﬁodsh for a LTV speed measurement, Although the signal-to-noise is
not great, two humps are clearly discernable. The total signal count
of the photon burst is seen to be less than 10 counts. Figure 3(b)
faproloncl background noise which has been somewhat reduced by the
preset clipping level. Figure 3(c) depicts a beautiful LTV correlation
function from which particle speed can bs detsrmined accurately, Even
for this high level of signal-to-nvise, only 150 signal counts are
needad. Notice the total signal plus noise couits are nearly the same
for all three figures while the total signal counts are quite different.
This suggests (hat the single-particle photon bursts occur during a
very short time, about 4 x 10-4 rec., in these cases. On the other hand,
the clipped count gives a fairly good idea of the signal bursts.

In the absence of noise, a photon burst of twn counts, one scat-

tered from each beam, is in principle enough for a LTV speed measuve-

ment. However, aven with clipping, some noise is present; ten signal

counts is seen to be more than enough for a speed measursment in practice.
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The sensitivity of photon burst correlation is clearly demonstrated. As
a side issue, we point out that the second peak in Fig. 3(c) is seen to
be taller than half of the first peak. This is due to the distortion
caused by the process of clipping [17]). Although the shape of the
correlation function may be distorted, the peak separation, and thus the
measured speed, will not be alterel by the process of single-clip
corrslation.

Figures 3(d) - 3(f) are correlation functions corresponding,
respectively, to minimal detectable, noise, and gnod LDV spead measure-
ments. Similar comuents cdn.bc made for these figures. In general,
the lcnnitivityﬁpf both methods ars comparable; the measurement time
used wjl~:hl uaﬁn for both cxpcfimnnti nltﬁough the lamser power for LDV
measurements was a factor of two higher. Comparing ¥igs, 3(a), (b), (e)
to Figs. 3(d), (e), (f), one observes without much surprise that the
minimal clip count needed for a speed measurement is higher for LDV,
However, once exceeding this minimal clip count, the sensitivity of
linglo?particlu LDV quickly improves and catches up with that of LTV.

Using the probability density mode of the digital correlator, the
count distribution of photon bursts can be measured [9]. To demonastrate
the usefulness of the count density distribution, we compared the photon
bursts in a preset time interval resulting from scattering from a
blackened paper to that from indoor netural aerosol; the results are
shown in Figs. 4(a) and 4(b), respectively. The distribution of Fig.
4(a) is Poismon indicating the constant intensity of the sensing volume.
The gradual tailing off of the diastribution in Fig. 4(b) indicates the

availability of large single particles, although with small probability.
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N The sample tima for this experiment is chosen to be longer than the

tradsit time of aerosol particles across the sensing volume [9]. .
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IV. The Scaling Law and Performance Evaluation

The need for a figure of merit which takes into account the amarosol
condition to evaluate the performance of laser velocimetry has been
recognized, and the measurement rate was suggested as a loglcal choice
in our early work [6]., With the photon-burat correlation technique, we
have initiated [9) and more recently succeeded [10] in the formulation
of a scaling law for laser velocimetry in visible ﬁavul.ngthu. ralating
the measurement rate of atmospheric croswswind due to individual particles,
the signal particle arrival rate, F, to laser power Po and measursment
range, R, under a given aerosol condition. Although two lasar beams are
normally ulid in laser velocimetry, we used a aingle Gaussian-profilad

beam with an =%

radius, o, for the discussion of the scaling law. This
is permissible since in a LDV metup, two beams are crossed into one spot
containing intensity interference fringes, and in a LTV setup, molé
individual particles travarsa both lassr beams because the beam separa-
tion (typically vem) is usually smaller than the characteristic length
describing the turbulence of atmospheric wind field [10]. As & result,
& single-beam arrangement should ylald the same (or nearly the same)
signal particle arrival rate (measurement rate), F. Using the concept
of minimum detectable photon burst, N and the assoclated power depen-
dent minimum detectable particle radius, L along with a generalized

Junge diltribution for the size distribution, dN/dr = cor'e. the scaling

law [10] for single particle arrival rate can be rewritten as

/1 e
" 2.5 rs(l—ﬂ) (2)

e (ga1)
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where
' K A nP
- 1/2 - (2 oyl 0
r, = (/™% s/:hv 5 )
PR
. and Ko. A, hv, v, 1, &, are, vespectively, backscattering coefficient

[6] (0 = Korz). recaelving telescope area, photon energy, crosswind
spaad, the afficiency of the detection system, and the depth of view.

If during a measurement time, the correlator is set to accept photon
bursts with photon counts exceeding the clip level, k, at least m times,

the minimum detectable phoﬁon burst [10] is
n = \E(" + 1) (<29 exp (% (X-ﬂf-‘-'-)2 (m - 1)2] (3)
s Vi, 2y

wvhere To is the sample time for the correlation. Typically, m is set to

be the number of desired obsarvable fringes in the sensing voluma for

LDV, and mt, approximatas the width of the photon burst for LIV, It

has also been shown mathematically [10) that using the probability mode

v
;ﬂJ of the digital correlator, the count distribution of photon burst, N(n),
i
;5; can be measured in a measuremant time TP' and that the sigval particle
arrival rate can algo be obtained independently this way as,
Y
2 .
Yy
"“i Fezl / N(ndn 4
B Ia
L
Fi: vhere
i |
o v O ny - (8+1) /2
- N(n) - 0.5 (Y)
ot 2(p=-1)"""y
",
o
i
1A 3y,
N,
oot
P-"
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The correctness of the scaling law has been demonstrated in a laboratory
experiment in which both eignal particle arrival rate F and count
distribution N(n) have been measured independently. The results are

shown in Figs. 5 and 6. Both experimentn give rise to the same value of

8 within the experimental error. The quantity F/(fvp) in (2) can be

intarpreted as the number of particles per unit volume having radius
greater than tyr 8 quantity familiar to aerosol scientists [19]). When
experimental conditions are such that a small range of r, is encountered,
the aercsnl parametars 50 and B are constant and (2) may be used to
determine these parameters experimentally, This was done previously in
the laboratory [10] and together with the measured photon-count distrie
bution, our scaling theory for performance evaluation of a laser time-
of=-£flight velocimeter (LTV) was verified in a self-consistent manner,

Howaver, when a large range of r, is encountered, ¢ and B may not
be coﬂltnnt. In genaral, the measured value of § will increase as the
aerosol radius increases. To obtain a wide range of r, in our corrala-
tion experiments, the lasar power Po and beam radius p must be viriad
sufficiently. In this manner, the validity of (2) can be verified for a
much wider range of .

Following the same procedure outlined in Ref. 10 with a laser power
P° ranging from'0u3 W to 0.4 .W ind beam rndidl p ranging from 40 to 900
um by using different focussing lenses with R = 1,7 m and v = 5,2 m/sec,
we have conductad extensive laboratory experiments covering r, values
from 0.1 to 4.0 um. The experimental results when plotted as F/(ivp)
ve r, is shown in Fig. 7. The resemblance of Fig. 7 to the typical

cumulative number distribution of aerosols [19] is quite obvious. The

B valua changes from 3.2 to 6.1 as T, increases in genersl agreement
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with the expected room aerosol distribution. OQur previous result of § =

4.3 occurs at £y ° 1.5 um as a special case.
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V. The Effect of Atmospheric Turbulence and Performance Prediction

In order to use (2) to predict the velocimetry performance, a
realistic ncaling.law must first be established in the intermediate
ranges from field experiments. The atmospheric aerosol condition is
different, and the values e, and 8 are expected to be different, from
those obtained in the laboratory., Atmospheric turbulence should be
monitored and its effect on the focussed beam radius, p, assessed. With
the scaling law tested by the field experiments, thea parformance of the
laser velocimeter at long ranges, such as 500'm can then be predicted.

It is well known chat.atmoupharic turbulence, described by a
constant denoting random refractive index fluctuations, ci, produces
undasirable affects of beam wander and beam breathing [20]. This
reduces the visibility of intensity interfarence fringes in LDV opera-
tion [21]:. In the summer of 1973 du?inz our LDV field expaerimants (6],
we also observed visually that although the interference fringes at a
range of 1000 m, formed by unfocussed argon~ion laser beams, broke into
patches, clear interference fringaulcould be seen within the patches
for a time long enough for a photon=burst correlation measurement. The
quantitative effect of turbulence on beam radius is still an open
question, To our knowledge, among the vast amount of publications on
atmospheric turbulance, only a4 few articles have addressed this question
of beam radius directly. Fried [22] introduced the idea of optical
resolution for imaging of a uniform circular beam through the atmosphere.

His short exposure phase structure functions have been modified by

Lutomirski et al [23], and Richardson [24] has used Fried's optical
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rasolution function to calculate beam radius. We have recently modified
Fried/Richardson's formula for a Gaussian beam proflile and made focussed
beam radius measurements up to & range of 100 m using a photo-~diode

array. The experimental radii have been compared against three theo-
retical models of turbulence induced beam radius: Fried/Richardson's
uniform circular beam [22,24] and the Gaussian beam models of Lutomirski
et al [23] and of Kelley at al [25]. The detailed analysis and comparisons
will be published elsewhere [23], but the main result is shown in Fig. 8.
It is seen that the model of Kelley et al agrees with the experimental
rasults better. The calculated beam radius at 500 m range for cﬁ - 10'13
w23 - 12,860 ym,

, A T D" 12,340 um, = 3,572 um, for the

T e 1A
models of Fried/Richardson, Lutomirski et al, and Kelley et al, respec~
tively. Again, the model of Kelley et al seems to agree with the
observed focussed beam radius at 500 m, which when learvable is about
0.5 ecm, under the experimental conditions,

To establish tha scaling law for field axperimcnca. a set of single-

beam experiments up to a range of 130 m have been made in the nights of

summer 1982 and the signal particle arrival rates monitored by a computer.

» The atmospheric turbulence was simultaneously monitored by a NOAA Ci

K

i meter [26]. The beam radii for the experimental conditions including
¢ measured cﬁ ware calculated with the three modals described above along

3} with a Gaussian diffraction model ignoring turbulence. The signal
: particle arrival rate I' and minimum detectable particle radius, r.s were
determined from the experiment [10,25] and the data using the three sets

of calculated p are fitted to (2). This procedure yields the best fitted

2 x X Lot LMY -

asrosol parameters o and 8, shown in Table I. Although the different

LA,

b

MMM TR
1 8 e T -
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turbulence models predict quite different beam radii at high turbulence
(see Fig. 8), their effects on the slope of the scaling law determined
by B is seen to be minimal. This is due partly to the self-compensating
nature of the turbulence effect on the signal strength (the total photon

burst counts). The turbulence increases the beam radius at the sensing

' volume which dccrinoos the laser intensity, but increases the transit

time of the particle across the laser beanm,

Over a period of two years, many seta of intormediate range field
experiments were made [27,28] for the investigation of the scaling law,
but §n1y the experimental results of the summer 1982 were used for the
determination of ¢y and 8, presented in Table I, because the values of

2

cn were simultaneously recorded for these data, In addition, some

single=beam measurements were made in the daytime up to a range of 100

‘m. For the dnytiﬁc measurements, & narrow-band color filtaer (pass band

~10 1) was used in the receiver to reduce background light. Due to the
background, the signal particle arrival rates are less than the rataes at
night for comparable f;ngcu. At 23 m the arrival rate was found to ba
five-to-ten times lowar.

In the summer and fall of 1982, night experiments were conducted at
Fort Collins to measure the signal pnrticle arrival rate at a range of
500 m with C: simultaneously monitored., Both single buam and dual beam
experiments were condﬁctld with about 0.25 W of laser power in the
sensing volume. When two laser beams are use' the crosswind speed is
datermined by the ratio of baam s paration to ti. mneasured time=of=-
flight. The effects of turbulence on the beam separation were investi-

gated first by taking a home movie of two focussed laser spots at a

range of 500 m. The fluctuations in beam separation were on the order

ot
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of 10X, Later, the beam separations were measured in the daytime for
ranges of 100 m, 200 m, and 500 m in the atmosphere using a linear
diode array. The fluctuation in beam separation was typically 5% for
100 m and 200 m range. At the 500 m raage, the measured fluctuations
of beam separation were from 2% to 154, depending on thea strength of
the atmospheric turbulence.

The measured signal particle arrival rates Fm at 500 m are shown in
Table II along with the predicted signal particle arrival rates and
calculated minimum detectable particle radius based on the various
turbulence models.

The usefulness of including turbulence in the calculation of signal
particle arrival rate f and o is made clear by considering the first two
experiments (7-20-1 and 7-20-2) of Table II. These are single heam
experiments conducted a few days after the scaling law experiments in
the summer of 1982. Predicted F for the Gaussian diffraction model is
more than an order of magnitude below the measured rate Fm. while
predicted F for the model of Kelley et. al. is comparable to Fm for
these experiments. The predicted F for the other two turbulence models
is comparable to Fm' but three to five times the predicted F for the
model of Kelley et. al. The remaining two experiments conducted in the

fall of 1982 used two beams. Predicted F, based on § and <, from the

" gummer 1982 scaling law experiments, is comparable to Fm for all the

models considered. What is perhaps more important is that the modal of
Kelley et. al. gives the most reascnable minimum detectable particle

radius among all models considered. Conaidering the infrequency of the
signal events (100-600 sec. per acceptance) at the range of 500 m, the

agreement between theory and experiment 1is quite good.
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VI. The Prospect of Routine long-Range Operation

As mentioned in the Introduction, -it is the general conclusion of

ments using cw visible lasers should be possible on a routine basis.
Nonethaless, roﬁtine operatiénu at these ranges have not yet been
realized. Although the measurements at 500 m reported here have clearly
demonstrated the possibility and feasibility of wind speed measurements
in the visible at long ranges with cw lasers, the signal particle
arrival (measurement) rat; is still too low to be of practical and
routine use.

To fui;her improve the performanca and 1ncraas§ the measurement
rate, higlier laser power should be used, Inladdition. differant methods
for signal analysis which can handle photon burats resulting from
scattering of multiple particles should be investigated as well.
Although the theoretical and experimental measurement rates at the range

of 500 m were comparable, the calculated minimum detectable signal

particle radius T, (v 200 ym), is too large to be abundant enough in
normal clear air., The accepted measurementa at 500 m may be partially

due to saveral particles moving across the laser bsam together. A

typical correlation function probably resulting from more than one

particle at 500 m under clear air conditions is shown in Fig. 9(a). i
This is compared to a correlation function resulting presumably from a

single particle crossing the lawer beams at the same range iq‘a drizzle

with higher wind as shown in Fig. 9(b). The presence of multfple-

'particle signale at long ranges is unavoidable Qn&uthe measurement rate

can be greatly increased,‘}f these signals can be agéqued inia recog-

nizable form. In this respect, the LDV measurement using a fast Fourier
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transform method [16] which analyzea the frequency instead of the
intensity of a photon burat, may be more suitable. In fact, Durst and
Richter have recently been able [29] to conduct routine wind-speed

massuremants at a range of 350 m. Proper processing of LIV correlation

rfunc;ionl as & part of the acceptance criteria u-ihg some curve-fitting

procedure to enhance the double humps should also facilitate LTV meas-

-urements at long ranges.

In -ummnry..thin report reviews the photon-burst correletion tech-
niques of LDV and LTV for atmospheric crosswind measursments using cw

lasers at visible wavelengths. Measurements based on photon bursts

';relultina from individual signal particles can be readily made up to a

range of a few hundred meters; their measurement rates can be underltoodv
by a theory, including the effect of turbulence, presented harein.
Experimental evidences of successful crosswind measurements up to 500 m
lhggcnt that signal resulting from multiple particles at long ranges

can no longer be ignoved. In addition to the use of higher power lasers
{16,30), proper use of this type of signal and its inclusion in the data
analysis will increase the measurement rate at long ranges (up to 1000

m) and should make laser velocimetry good enough for routine atmospheric

applications.
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poy Table I, Aerosol distribution constants c, and 8 as determined from the
x?% scaling law.

4]

1

j%i Model e, B

Y Fricdlnichardlon‘) 2.83 x 108 3,19 + 0,17
Lutonizrski et a1® 1.60 x 1078 3,25 £ 0.18

Kelley ot a1% 5.04 x 10710 3.47 £ 0,20

3 . Gaussian Diffractiond) 10

1.48 x 10° 3,55 £ 0,21

;ff v From Ref. 25, ')Tha uniform circular model, Tops b)Tha Gaussian model

y
bl
Qﬂ of Lutomirski et al, Topg °)Th| modified Gaussian model, Tpas and

d)'rho diffraction model, o
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Fig. 1. The intensity n(t) resulting from the scattering
of (a) many small particles, (b) one single particle,
(c) five signal particles simultanedusly traversing
the sensing volume, and (d) 20 randomly distributed
signal particles,

Fig. 2. Expermental arrangement for LTV measurements. 1. Laser,
e 2, beam splitter, 3. focussing telescope, 4. fan, 5. cup

. , anemometer, 6. anemometer electronics, 7. receiving

" , RS ~telescope, 8. photomultiplier assembly, 9. digital rate

H D meter, 10. digital correlator, and 1ll. computer. The

" : ~ . fan is used" anly in the laboratory- experimenta to generate
" : . - cbe wind, - e
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depends on experimental parametars such as laser power P,
and detection efficiency n. With the wide range of rg
(0.1=4 um) coverad, the slope of this plot ylelda varied
values for the power of the asroeol-asize distribution, £ =
302-611.
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Fig. 8, Measurerd c~2 beam radius, Fig. 9. Measured photon-burst
I'ms V& predicted beam radii, correlation functions at
ry, for three turbulence 500 m under Jdfferent atmos-
modela. pheric conditions: (a) in

clear air due possibly to
geveral particles, and (h)

in drizzle due possibly to

8 single light rain drop,
scatlering from the two

laser beams. The sample time
To (per channel) is 1.0 msec.
The beam separation is 1.9
cm and 3.4 cm for (a) and
(b), respectively,




