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ABSTRACT The experimental simulation results of instability of Stimulated Thermal Rayleigh 

Scattering (STRS )are reported in the paper, which include the studies on the process of instabili- 

ty of the sinusoidal perturbation source propagating in the thermal-blooming medium and the 

experimental studies on the increase of the small-scale thermal-blooming instability under 

different perturbation frequencies and different light power, and thus proves that the 

small-scale instability caused by thermal - blooming increases exponentially as laser propagation 

in the absorbing medium. 

KLY WORDS laser beam propagation in the atmosphere, thermal-blooming, small-scale 

thermal -blooming instability. 

T Tnf KA^iipf-i An 

In 1986, Jan Hermann was the first to discover rapid growth 

in small —scale thermal— blooTnirirr inot-aViii if« ^n>--i nn i = c pv- 

transmission in computer simulation.  Thereafter, theoretical and 

experimental studies on small—scale instability became the foci 

of thermal-blooming research [1-7].  Small-scale instability 

includes stimulated Rayleigh-scattering (STRS) instability, 

■"lie 



stimulated thermal-Brillcuin =caft-°'-i"" (cnnci n n^+- aK-; i -; 1-^ 

T^l-i a e? o - complement instabilit" 'PCI"1 .  In t1"1 
CS        T-A^ -V- H    /-\ d   of   1989   t< 

irpn r* cs 1990, Lincoln Laboratories, the Northeast Research C'-vn-Fov 

and the Livermcre National Laboratory reported the ra^idlv 

growing phenomena of PCI and STRS instabilities.  Researchers 

generally consider that the probability of small-scale 

instability may be the final limiting condition of threshold 

value of transmission intensity of hi^h-^owered lasers in the 

atmosphere with respect to the reflective »urf = ',° ^f >->-! ^-p^Mor^^ 

lasers with large aperture and short wavelength. 

This paper reports that the authors utilized an argon ion 

laser (single wavelength with maximum output ^ower 1.5W^ t^ 

simulate thermal-blooming cells by a carbon tetrachloride and 

iodine solution.  The experimental i-pcnu-e ^f Tai^n^itr r^-r^^i n/r 

perturbation bands of intermediate and small spacing scales in 

the thermal—blooming formation process are ^resented 

Experimentally, the existence of small-scale instabilit" was 

proven.  Moreover, some experimental studies were conducted on 

the growing role of small-scale instability at d-;ffp'-p"+- ii«ht- 

power and different perturbation-spacing frequencies. 

II. Principle of, and Optical Path, in the Experimental System 

Eig. 1 shows the principle of the experimental s,rstem.  In 

the experiment, the wavelength of the araon io« laeov- -i c 

0.488mum, operating at a single wavelength.  The output ^ower is 

continuously adjustable.  When the output power is relative!" 
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Fig. I   Layout of the STRS experimeni 

I. argon-ion laser;   2. shutter ;   3. 4. 17. 18. beam expension mirrors :   5. 8. reflectors 

6. filttcr ;   7. screen I ;   9. penubalion source :   10. thermal - blooming cell 

II. 16. beam spliter ;   13. screen 2 : 14. CCD camera ;    19. Me-Ne laser 

small, the output mode is sinale fundamental ™^^Q ifPMoi.Knni 

The diameter of the thermal blooming cell is 9cm; its length is 

SO «•»* 1 in^i 

The thermal blooming medium is carbon tetrachloride.  The 

absorption coefficient of a light beam passing through the 

thermal blooming cell can be controlled by adding small amounts 

of iodine.  The result of growing small-scale instability of 

thermal blooming was recorded with a high-speed camera and a CCD 

solid-state camera.  After being gathered by the image collecting 

system, the experimental data were processed on a computer.  The 

fastest sampling frequency of the high-speed camera is 144 frames 

per second.  The CCD real-time image collecting system collects 

32 frames of 128x128 images (or 8 frames of 256x256 images) at a 

speed of 16.6 frames per second.  The sampling time of the CCD 

camera is controlled with an electronic shutter; the shutter 



light integration time is 1/10,000-th of a second.  The beam 

expansion lens complex adopts the composition of Positive and 

negative lenses in order to adiust the ai^o ^-F fv,0 nnH«i i-inht- 

O T^/-\ +* s and the straightenina orooerties of +-!-,•=> nntnnf in^r>-,i- er^-t-e 

The small-scale perturbation source is realized with two 

optical glass plates with a certain angle between the two 

surfaces.  The perturbation source is situated in front of the 

input window of the thermal-blooming cell.  After the laser beam 

passes through the perturbation source and is reflected by two 

surfaces of the glass plates, the beam interferes with the main 

nerating perturbation bands with a distribution of -1_ ^* W V_ J.    *^v_-^.ilL,    s^ . 

a r* o v- T- tain sinusoidal intensit".  The 

can be adjusted by the angle included between two surfaces of the 

optical glass plates, and the placement of the band in the 

optical path. 

Experimental light path: after the output of the argon ion 

laser, the motorized shutter controls the li^ht exposure 

synchronization and the exposure time, for synchronizing with the 

CCD camera and the image collection sTrstem   sf ■F-t-ov- K r oeam exoan o T Art 

of the laser beam through the lens complex, it becomes a 

straightened beam.  After passing through the perturbation 

source, the beam passes through a thermal-blooming simulation 

cell.  In the exit optical path an imaging lens is ^laced to 

converge the light intensity images at the exit of the thermal 

blooming cell, to form an imaae on screen 1  <->ian +-H<=> -im=>,-fo ■; c 

recorded with the high-speed camera or CCD camera system.  In th« 



experiment, another beam of the He-Ne laser is expanded in the 

reverse direction and n=>coPc fKvniini-i ftip fhavmai KI nnmi nrt ^oi T 

A filter plate isolates the He-Ne laser in the main optical path 

to he projected onto screen 2. The beam, interferes with another 

beam of reference light for interference measurements for 

Observation    Of     the     St?^l 1 I 1"w    ^^     +-V>p     pqrKnn     •l-a-t-v-ar'VilrM'-i^o     enlnfinn 

in the thermal-blooming cell.  The observation coefficient of the 

thermal blooming cell with respect to the aroon ion laser beam is 

obtained by measuring the power at the entrance and exit of the 

thermal bloomino cell with a laser wattmeter. 

III. Experimental Parameters and Experimental Results 

1. Typical experimental conditions: 

laser wavelength A,=0 . 488m.icrom.eter; 

absorption coefficient a^O.OBcrr."'; 

laser output power P=366m.W; 

perturbation period (of small-scale perturbation source) 

d=0.086 4cm; 

after laser diffusion, light-spot diameter (l/e°) , 

D=0.6 8cm; 

thermal-blooming cell length L=60cm; 

initial perturbation intensity Al/f^+nno 

2. Calculation of parameters 

nD1 

Fennell number (of the entire beam ^ ^i~~     , 83.o , n — lAo 



■f r\T 02T      STT.Sll- SCSl&      ngy-fiirKat- 

,Y = -^-=1.35 

small-scale FSUPS"' ^ 

:or   laser   beam   Dasciira   th^oi1^^   f^crvnai -v-,i ^^^inrf   n^i i 

the   irradiation        h~—j- = l.OOx KT'W/m2 

for   laser   beam   t>~=ir 

the     ther™^1^       >-d o r-\ e-\ n o o 

Ttfl 

smission   in   ths   CCli   solution 

r = r'<*/o = 7.00xI0-6s 

fVio     1-Vi e r m a 1   response   «^^O'F-F-I /-< -i o -n +- 

r"=1.4xlO-4cmJ/J 
p T „ 

thsrEal-blcoi?in"  "rowth   rat^     A' =  = 12 76s"1 

A, 

for   small-scale   perturbation   the   characteristic   expansion 

time       T^iDK2)-1-0.234s ; 0= — -8.1 x KTW/s 
pc, 

characteristic expansion lencth Ic~- DjN,   =7-97xl0-3cra 

^ ITvncrimani-al       vocnl fe 

Under the above-mentioned exDpri^pp^^i ^nn^if^nc  t-v.* 

anf hnre      l u.sed   the   CCD   earners   and   computer   da"*~a   ^^"i i «=»/-«-t--i »^p ? ir o +■ o in 

to record the time dependent nrocecc   ^^   ^r-AufVi -i -n ■p-» 

perturbation of laser light spots and small-scale "rearranged 

perturbation when there is no thermal bloomin™.  At a certain 

frame frequency, the high-speed camera is used to record the 

light spot intensity distribution at the exit of the thermal- 

V\T  Anwi  ri rr      nol   "1 

Durina the initial state (t=0. without t1-"^-*-™^! hi^^m-inni 

the light intensity distribution recorded with the CCD camera is 

shown in Fig. 2 (sampling points 512x512).  From Fi^. 2  we can 
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Fig. 2   Spatial distribution of argon - ion laser spot 

intensity at the thermal-blooming cell exit 

see that the light intensity distribution is not the ideal 

Gaussian distribution due to the effect of fluctuations in laser 

scattered spots.  The contrast of the prearranged perturbation 

bands is smaller than the estimate based on theoretical 

calculations.  Fig. 3a shows the light spot intensity lines 

passing through the center line and perpendicular to the 

perturbation bands when t=0.  Fig. 3b through 3f show, 

respectively, the intensity lines beginning at thermal blooming, 

then at time intervals 60, 120, 180, 240, and 300ms.  At the 

beginning of thermal blooming, due to the flaw points of the 

laser scattered spots and the optical system, the prearranged 

perturbation bands are not distinct.  With prolonging of thermal- 

blooming time, we can see that the contrast of the perturbation 

bands clearly increases.  This proves that during transmission of 
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Fig. 3    Intensity distribution at center line at time 0, 60. 120,  1X0, 240. 300ms 

a laser beam in a medium, the small-scale perturbation bands at 

certain spacing frequency rapidly grow with the generation of 

thermal blooming. 

Fig. 4a through 4f indicate, respectively, the Fourier 

transform frequency spectra of light intensity distributions at 

time 0, and after the beginning of thermal blooming, at time 

intervals of 60, 120, 180, 240, and 300ms.  The corresponding 

coordinate point of the spacing frequency spectrum of the 

prearranged small-scale perturbation is 1.3mm"1.  From the 

corresponding frequency spectral components, we can see the 

obvious growth in small-scale perturbation bands. 

Fig. 5 shows the growth process with time in ths 
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frequency spectral components of small-scale perturbation. 

Figs. 6a through 6f show a series of pictures of small-scale 

thermal blooming instability growth at the corresponding 

intervals 

Moreover, the authors conducted increasing experiments on 

small-scale perturbation of different laser power and the width 

of different prearranged perturbation bands.  Table 1 shows the 

experimental conditions and the results.  By comparing the 

experimental results of several experimental conditions, we 

obtained the following; 

1. For the same laser power, for different small-scale 

perturbation periods, the characteristic time of diffusion is 



No.O 

No. 1 

No. 2 

No. 3 

No. 4 

Table   I   Comparison of the small-scale instability increasing 
under different experimental condition 

power/ mW 

366 

184 

594 

73 

594 

perturbation 

period/cm 

0.0864 

0.154 

0.069 

0.154 

0.108 

T~(D ■ K'y/s 

0.234 

0.742 

0.149 

0.742 

0.365 

V   N,  , 

7.97 x I0-' 

1.12 x 10-1 

6.25 x 10"J 

1.78 x 10"! 

6.25 x 10"' 

small-scale 

instability 

obvious 

obvious 

not obvious 

not obvious 

obvious 

E u. 

50        100       150 
:   i/ms 

Fig. 5   The small-scale perturbation spatial spectrum amplitude   vs time 
(a)/-0ms;   (b), = 60ms;   (c),- I20ms;   (d)r-180ms;  (e)/-240mS;   (r), = 300n 

200      250      300 

1 n 



(a) (c) 

'd' «er    :,;;. (f) 

Fig. 6   A scries of spot pictures taken at different time (a)-*(f) f»0, 60, 120, 180, 240, 300ms 

short for small perturbation periods (Mo. 2) .  The medium 

diffusion effect plays a major role, exhibiting the absence of 

gain for the small-scale.  For large perturbation periods 

(No. 4), the diffusion characteristic time is long.  Now the STRS 

instability grows, playing a major role.  This exhibits a clear 

growth in small-scale prearranged perturbation. 

2. For the same small—scale perturbation period, with 

different laser power, in experiments (No. 1) at large laser 

power, the small-scale prearranged perturbation bands clearly 

grow.  Conversely (No. 3) for low light power, in this small- 

scale perturbation spacing period, the diffusion effect of 

refractivity fluctuations of the medium plays a major role.  This 

shows that small-scale perturbation does not have the phenomenon 
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3 .      TfaP      pynpri -mo-n-h      T~»V ATTDO th.St      th.£      c-mpll—c/^al ü      crT~\=>/-<-ir-i/-r in; 

perturbation period has a very great effect on the ra^id ^rowth 

in small-scale thermal-blooming instability.  This is consistent 

with the indicator terms in Eqs. (9)  that T is Proportional to 

the square o^ K 

4. In the thermal blooming process  whether /~iv-  T-i r\ -f )t the 

contrast of small-scale perturbation band intensifies is ths 

competitive result of the diffusion effect that small-scale 

perturbation rapid growth due to light transmission thermal 

blooming, and the diffusion effect of the refractivit,r 

fluctuations in the ^^^-i-n™ 

IV. Concluc n' Anc 

In the small-scale instability experimental studies on Ofen- 

ring thermal bloomincf, with an araon ion la001" ^ = =>«^-i"<-<   Hn-mmii = —' -"**i'      ' ri    _l_     ._ XX V^LXX «-* J_     V^    ^ X X -J_   \^   XX XUOOX _^ U k^   «   J.   i i VJ l_XX-L.^--l-*.^XX l_* 

simulated thermal-blooming cell with carbon tetrachloride and 

iodine solution, the authors observed the growth of sinusoidal 

intensity perturbation bands in different experimental 

conditions.  This illustrates that the ra^id ^rowth of small- 

scale perturbations is mainly determined by the growing rate of 

thermal blocmincr, and the maanitude of *->^=> <= T-> = ,-.■; n,-* ^pv--;^^ ^-F I-KO 

small spacing scale. 

The first draft was received on February 25, 1993; the final 

revised draft was received for publication on June 1  1993. 

1 o 
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MEASUREMENTS OF ATMOSPHERIC TRANSMITTANCES FOR 
1. 315—MICROMETER PKOTOLYTIC IQ^TMIT T.JCITU 

Yang Gaochao, Han Shouchun  Shao Sb-i^^p^^ 
Hu Ming, Wang Shipeng, and Song Zhen^fan^ 

Anhui Institute of Optics and Fine Mechanics, 
Chinese Academy of Sciences  P. 0  Box 1 1 ^ 
Hefei,230031 

f ii i T> ieji, Sun Yizhu, Min Xiangde, and Jing Yi 

Dalian Institute of Chemistr,r and Ph^'S"*^^ 
Chinese Academy of Sciences  P. 0. Box 100 
n a 1 -," a n  1 1 C l"> 1 O 

ABSTRACT    Through   actual   atmosphere,   we   have   measured   atmospheric   transmittancc   for 

1.315/jm Iodine laser. With medium visibility, relative humidity 64% and 2lt ,   average value of 

atmospheric   transmittance   is   0.78.   This   result   is   fairly   identical   with   computation  value 
obtained by existing data and computer program. 

KEY WORDS   iodine-laser, atmospheric propagation, atmospheric tranmittance. 

I»   Intiro/^i',r,"'~^^'n 

The 1.315-micrometer iodine laser located at the window 

region of the atmosphere evoked great interest  since it has 

enormous potential as a high-energy laser.  Many specialists 

conducted research on the laser absorption in laboratories of 

water vapor, carbon dioxide, methane, and other gaseous molecul« 

1 A 



r 1  — 1.1 UAT.TfiTTpv +• r\     r^ a ■♦- o      ■(- Vt o vo     ViaTTfi     Kcicir)      Tt r\     ovnur-imprif al       ef u/^-i  QC 

ronnrfg(i   on   atiTiOsolieric   trans iTiittance   of   iodine   lasers.      "Phis   is 

a      ncippcearv     efon     f nwav/l     nnf^Qrcf an^-i n^      -H n o      t-vanewi  f f arinp     r\-F      n r»/-1-i na •—*        Ai^VfCwiJwL  j h«   i*\. £> v-. %-* *» Cl x.   v*i        Uli VA ^_- ^   »_J   i_- <_* A x 'k-i ln^ \_. x x w ux  uilky:uj.   v  u d. ii v~        v> x. .x. v-' ■v«. xn>» 

T^^cgv-e   in   tins   atmosphere   in   order   to   c^in1"*!e t s lTr   s tudTr   their 

application  potentials.      Therefore,   in   September   and  October 

1QQ1 f-Vio      qiif KAV-C      /-</-,\,n/-?ii/~'+-<a/^      tavnovi mapf al       efn/^i  ac     yncaaeiiv-i T»/T 

at"JT!Oc. r>VlPy"ir<      tT,,=3'r!c?.'m"i''~"'~P;ri'",P      -f r\y      fhp     -rsV» Afnl TT-h-i P      -i A/^-i no      T   a o o- 

(  X = 1        ^1   ^wi  r»vArri£sf are 1       *i n      n o a v*— rfVAiin^      hnri  7Anf al       f rancTn-i  ccn r\n      a +~ 

rV»o      JnHin       T-nc-t-n-t-n-t-fZi      r\-f     Onf i  pe      an ^      FT no     Mor<nanTr'0 TV», o      a vf i  ^1  o 
O■ X X *—' X XX X X X <ut -1- Xli I—'    V»r  _1_    \*r   t-t   l_- *w "kJ*  A. S-' JJ-*    U-  -X.   *—■ hJ «wi X X V*t X     Xli *w X X V_.   Vli <_X X X .X.   \~-  >~f    • J-   X X W ^X X.      w  x_   v«.   .L.  *„ 

OT-ial-rrToc      +- Vv o     Haf a      nKf p-i no/^      -in      +- "h o     pvnpr-i monf M/-%-v- c./ 

TASF1P      nrArfram     wae      neorl      +■ r\      r-Anf "i rw»     +■ n o     o vr* o v "i vn ci n +■ a 1 

jnrra v +-Vw 

■K-O c n  I  -re: 

Hc-Ne laser 

iodine laser 

V P.M.T 

V^ f 
I 

transmit scope 

energy meter 

atmosphere 
/ 

receive scope 

energy meter 

Fig. 1   The schematic diagram of experiment system 

II.   General   Experimental   State 

Fig.   1   is   the   schematic   diagram  of   the   entire   experimental 

c ve. "T" P™ ^ Vi ^     nKnf nl Trf n /^     l A^I np     1 p e? ov     /^ cn7-i /-< o     Mac     ^OTTOI Ai^p/1      an/1 

provided  by  the  Dalian  Institute  of   Chemistry  and  Physics   of   the 

1 rA 



Chinese Academy of Sciences.  The pulse width of the laser wa° 

10Qmicrcseconeds, sines the outputted laser beam was of rin^- 

shaped low-order mode.  The exterior diameter of the rino-shaocs^' 

light beam was 18mm, and the outputted laser sner"" was 80mJ.  In 

addition to its use as light guidance, the Ke—Ne laser was also 

used as a light source to measure the atmospheric ^~>~=incm-i n- an^c 

of the 0 . 6 3 2 8— micrometer laser.  The atmospheric trans™'' t+-a-n,~io ^-F 

the wavelength was used to estimate the extinction coefficient of 

the atmospheric aerosol particles in the total experimental liaht 

path.  However, lasers at both wavelenoths were transmitt0^ 

through a Cassegrain telescope with an aperture 3m^ OD.  At the 

receiving end, there was an aluminum coated concave mirror 'm—1m"1 

with OD 290mm.  After convergence of the received laser beam  a 

laser wattmeter was used to conduct detection of 1. lt;_^'' ^■»■^mcf QV 

laser energy.  The 0.6328-micrometer laser signal was detected 

with a phctomultiplier tube.  To obtain the real—time data of 

atmospheric transmittance, synchronous monitorin^ was conducted 

at the transmission terminal on the laser 'tT~=,r10Tr,■' = e-i /-vn onavm, nr 

power of both wavelengths by using the laser wattmeter and a 

photomultiplier tube.  To ensure data reliability  before and 

after measurement experiments each dav  nnmn^atirQ ^ = i •iv,t-=,f ■; An 

of the system was made on the instruments at both teirmina"1 c        ^*,r 

definition, the calibrated coefficient of the system multiplied 

by the ratio of the measured values between thQ >~ o «"< o-i TT-I -nrr   a-r^A   a*-^ 

the transmission end is the actual atmospheric transmittance of 

1 a. 



"PVies   +■ rapcw-i cen ^ n   ^ ■* etsncG   b e t v? e e n   the   transmission   end   snd 

+-v»g   v*gr»oT_TT-TT^/-T   grid   of   this   experiment   was   0.4 S km.      Al thoucrh   it   was 

mn /^-pnf imn -\rci-i-      rr>/-\ e? ■}- 1 TT     pi riii/^TT     ^nri n rr     -h V» o     ovnoy-i mpnf al       T\dv*-i o/^ 
juu. vi        CIM vU^;tll  f j|   C   i—        i 11 ^ fc->   L, _i_ jf \-r -L. ^> v** *-t j> UU4.   Xii^ ^- XX v— wik^vl   J.JUCJ,I. vwl        £• *— x,   X *—' s^   ; 

Wl  "t" H      ■fy-QrT-\-\c}nf-      A v -i  T T T TT     /-W*      f r/Tz-nr     ^a^re Tn cs      rpl   afi yo     Vm-m-ic^-i-h^r     wae 
Vtl    Vli J_X.C'^'-l\~XxL, \Ai.    XULllj V^ X. X_   *_* ^  ^ jr *U. VX j    W     » XUV X.*--.l_Vl.V,_l_'/w 11U.JIIXUX    Wj »   WU 

bea t- T*T es ea r*      £.C\      ap^      Q H9t TV» cave»     worp     v a v*cs ~l tr     ennnir     /Iqire T'o     oneiivo      +- V> es 

nnvrcinf      T^v*/~i/-«eiec?-iri/-T     >-\ -F      4- V* o     avnpvi mpnfal       ^af a -j-Vita»      anfVinve      ma/^p v- ^/ x.  x.  <^ v-  \~       jufj.  \^^Ciu>hjj.iiy        w x. LIi<w       v-^kpCj.   J.111C11 VV4. J.       wu vu  f tnu        uu viivj. w       .IU >-x t-*.^ 

nKepvTTaf "1 nie      "i r}      "(" n a      dnf-i rta      o,VT-\civ"*iYYif=i'n-f-p."]      r\Q-ri O^      A=?     T*TCI "1  1       ac      t* r\      +■ Vt o 

conventional meteorological parameters (such as temperature, 

relative humidity, atmospheric pressure, and visibility in the 

a f nnr\cn|-|ovp ^ 

ITT T"* a -f- a      pvncpeci nn 

During laser transmission in the atmosphere, before the 

üWflvrrpnr'p     r\-f      "h H o     T-i/^-pl-i-noa-K-      ci-f -f a/if- f Vip      f vanem-i  j-fanno      ran     V\d 

described  with 

r=cxp[- Hir)dr\ (1) 

which is Lambert's lav?.  In the optical path of horizontal 

transmission, the atmospheric medium in the optical path can be 

7 = exp[ -pL] (2) 

In Eq. (2), L is the transmission distance; and (j is the 

attenuation coefficient of the atmospheric medium.  The 

coefficient includes the absorption coefficient «„ and the 

scattering coefficient beta„ induced by absorption and scattering 

1 7 



by the gas molecules in the atmosphere, as well as the extinction 

coefficient due to absorption and scatterina of the a< 

particles in the atmosphere.  That is, the attenuation 

(prnon 

ifficis^-*" 

H = z„+ß„+ß, (3) 

In actual atmospheric transmission of the 1.315-micrometer 

iodine laser, besides the aerosol particle scattering, absorotii 

by water vapor molecules in the atmosphere is the main factor 

affecting transmittance.  There are other atmospheric ~as 

particles (such as carbon dioxide, methane, and ammonia) also 

making a certain contribution to the atmospheric transmission 

attenuation of the iodine laser wavelength.  However  thi c      i o  =) 

small quantity compared to the absorption of water vapor 

molecules.  Therefore, in this article, we do not consider, for 

the time being, the attenuation function for a 1.315-micrometer 

laser absorbed and generated by these gas molecules.  During data 

processing, the functions due to these gas molecules are also 

considered as the absorption coefficient of atmospheric 

molecules.  At the 1.315-micrometer wavelength, the molecule 

scattering coefficient is relatively small and can be neglected. 

In actual atmospheric transmission of an iodine laser, the 

main function affecting the transmittance is scattering of the 

atmosoheric =ero°Al 7-.=.>--t-■; i~i tides, and absorption by the atir m r\ c r\ n d -y~ -\  r* 

molecules.  In the authors' experiments, the atmospheric 

transmittance of the iodine laser nb*-; obtained can be written as 

1 Q 



T,-ap[-(am+ßt)L] (4) 

1 • 315"*~ITlicrOmStev*     ^a^ol ca r> rr +- Vt 

With respect to the radiation transmission, by using the 

scattering of atmospheric aerosol particles as the inain 1 i^ht 

extinction factor, generally the following empirical formula is 

*•* *-*  *—■ >-* »-* *■* **~  >~>    O X 111 Vi   V-- *— Iw i X \_7 bii   UXll^   VX   Vli \»  V  «w   -k_   X-   -1-   v_-   _1_   V_- J. i   W    * 

^ = (3.912/^)(0.55/A)* (5) 

In the equation, VM is atmospheric visibility (kin) ; X  is the 

radiation wavelencr th (mirrn,"ot'o,"o^ • ="H <■* ■• = *-Vip vies-iVi-ii-it-tr— 

wavelength revision factor. 

f 0.585V»y •••■'•; .'?„'< 6km 

g= <   1.3 6km ^j^ 20km (6) 

1.1.6 L-KJf'>20km 

The effectiveness of Eq. (5) has been proven by a series of 

experiments by the authors [4].  The attenuation of an He-Ne 

laser for A=0.6328micrometers is the result of the scattering 

function of the atmospheric aerosol particles.  However, the 

absorption and other functions of the atmospheric gaseous 

molecules can be neglected.  Therefore, we can use the 

atmospheric transmittance of the 0.6328—micrometer laser  and 

estimate the extinction coefficient for scattering by the 

atmospheric aerosol particles with Eq. (5).  If in the 

experiments the atmospheric transmittance is TH for the 0.6328- 

micrometer laser, and the scattering coefficient for the aerosol 

1 Q 



particles is ßn.n, then we can obtain the follow5 n^ fr«™ TT^C-  m 

^,= -(ln7-//)/I = (3.912/Fv)(0.55/0.6328)' (7) 

o ^m£2 ibstituting A,= l. 315micrometers into E™.    (5)  with 

manipulation we can obtain the scattering coefficient of ths 

iodine laser for the aerosol i-* = >--f--i ^-i < OP   o c? 

/}„=/?,„ (0.6328/1.315)*= -[(lnT„)/I](0.4812)< (1 

Substitute Eg. (8) in Eg  (4P =>"^ "<= b- 

r#-exp[-(a.+ ^)L]-exp{-[a.-0.48I2«(lnrff)/L]L}        (9) 

Ti is the atmospheric transmittance of an iodine laser in actual 

measurement.  Thus we can obtain the absorption coefficient of 

the iodine laser due to the atmospheric molecules oc 

s„=[(0.4812)Mn7„-ln7-,]/L 

During the horizontal atmospheric transr c? c? n /-i-rt 

(10) 

(L=n /i£v™\ ^-F -m. 

dine laser, the atmospheric transmittance T 'km "^ C=T 
KO 

written ^ ^ 

r = exp{-[(-lnrw)/0.46]} (11) 

When we consider the transmittance T' (km"") durin^ the 

absorption of atmospheric molecules, the fo1l^"-;"^ üm,,n ^^ ^PT 

be used to describe the trs**10™^ ■*""■*-: ■annc' 

r=exp{[0.4812'ln7>ln7-/;]/0.46} (12) 

on 



In   the   equation,   the   value /^df py erwi no/^     Kir      I fc. \ 

"^V. Results and Discussion 

Table 1 lists some of the typical data, including the 

atmospheric transmittances (TH and Ti) measured at the distance 

/-s-F      / £ H m     -f r\y     31      U o — "NT a      "I   a c p v*      an/^      p -rt      -i  /-\ /3 -i -n p      "1  a c? p >- "H p T^ T TT ^ (^      "f TDTT1 

Eqs. (11) and (12), the atmospheric transmittance of the iodine 

laser per kir, (T) and the per-km transmittance (T') in the 

situation of absorption by molecules, with deduction of the 

aerosol extinction coefficient  we obtain the molecule absorptic 

coefficient a,,.  The first three columns are the visibility VM, 

relative humidity (H), and temperature (t). 

From the data in Table 1, we can see the following: during 

Table   I    The typical measurement results of atmospheric transmittance 

for iodine laser      (1991.10) 

Date 

91-10 
Time VJ km HI % //t T • T, 77 km-' r'/km'' a./ km-' 

6 09 :30 7.0 0.800 0.878 0.754 0.909 0.095 

09 :30 7.0 0.800 0.863 0.727 0.876 0.132 

09 :30 7.0 0.800 0.869 0.736 0.888 0.119 

z 15 : 10 7.0 0.800 0.850 0.701 0.846 0.167 

15 :I5 7.0 0.800 0.905 0.806 0.972 0.029 

15:30 7.0 0.800 0.888 0.772 0.932 0.071 

15 :40 7.0 0.800 0.864 0.729 0.879 0.129 

15:53 7.0 0.800 0.840 0.685 0.827 0.190 
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Date 

9! -10 
Time 

14 :46 

14 :51 

15 :05 

15 : 14 

16 :00 

16 :08 

16: 12 

16: 16 

16 :20 

12 

09 :06 

09 :23 

10:08 

10:25 

14 :46 

14:51 

15 :02 

VJ km 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15 : 10 

15 :38 

15 :44 

5.0 

5.0 

5.0 

5.0 

8.0 

8.0 

8.0 

10.0 

10.0 

10.0 

HI % 

61 

60 

60 

60 

6! 

62 

62 

62 

62 

76 

73 

72.5 

71 

6! 

61 

61 

/'t 

22 

21.5 

21.5 

21.5 

21.5 

21.5 

17.5 

18 

18.5 

18.5 

22 

n 

0.870 

0.870 

0.870 

0.870 

0.870 

0.870 

0.870 

0.870 

0.870 

64 

63 

64 21 

0.860 

0.860 

0.860 

0.860 

0.890 

0.890 

0.890 

0.880 

0.880 

0.880 

• T,        Tj Icrr.' 

0.903 

0.931 

0.921 

0.933 

0.928 

0.909 

0.934 

0.894 

0.920 

0.870 

0.865 

0.880 

0.900 

0.900 

0.908 

0.902 

0.881 

0.885 

0.877 

0.801 

0.S57 

0.836 

0.860 

0.850 

0.813 

0.862 

0.783 

0.834 

0.739 

0.730 

0.757 

0.795 

0.795 

0.810 

Ü.799 

T 'I km - a   ' km" 

0.900 0.105 

0.963 0.037 

0.939 0.063 

0.967 0.034 

0.956 0.045 

0.914 0.090 

0.969 0.032 

0.880 0.127 

0.937 0.065 

0.866 0.144 

0.855 0.157 

0.886 0.121 

0.931 0.072 

0.760 

0.767 

0.751 

0.876 0.132 

0.894 0.113 

0.881 0.127 

0.846 0.168 

0.854 0.158 

0.836 0.179 

-mospheric t] ;ransmission of a 1.315-micrometer iodine laser, its 

transmittance varies mainly with the variations in atmospheric 

visibility and water vapor content.  The average meteorological 

conditions are V^lOkro, H=64%, and t=21cC.  For the iodine laser, 

the averacre tran^^^^^i^o T—n   7QUm~-  -.„J *-u 

attenuation coefficient p = 0 . 246km"1.  Among the latter, the 

molecular absorption coefficient aB=0 .107km"1, and the aerosol 

extinction coefficier4- R =<"> 1 TQ>m-i 

To verify the trustworthiness of the above-mentioned 

results, the authors made computations by using the data of high- 

resolving-power spectral lines of AFGL in the United States, and 

the LASER program.  Table 2 shows the results.  Thus  ™= w,™ 

oo 



that if the two types (urban type and rural frr^e^ a ßr^cA 

Table   2   Calculation molts of atmospheric attenuation 

for 1.315/itn Iodine laser   (K.-10km) 

Climate tropic 
mid-latitude 

summer 
mid-latitude 

winter ','? 
subarctic 
summer U S. standary text 

<*./ kr""' 0.265 0.187 0.042 0.115 0.075 0.155 

ßjkm-' 
urban 

rural 

maritime 

• 
.,.,?> 0.152 

.•;-.-'H>;b.i23 

V 0JI5 

Climate conditions, of the text :i" 21C , //-64%.      ;*^      - 

extinction coefficients are averaged up, the calculated ßn=0.137 

agrees fully with the experimental value.  However  the 

experimental site was between the urban and rural areas, 

approximately 10km from the city boundary.  The aerosol nronert,r 

should be between the urban and the rural types.  The above- 

mentioned situation means that our processing method is reliable. 

In other words, the application of atmospheric transmittance of 

an He-Ne laser to calculate the aerosol extinction function of 

other laser wavelength is on a reliable basis. 

As for the molecular absorption coefficient, the average 

value is very close to the calculated value, smaller than 30%. 

There are two possible reasons: one is the shorter transmission 

distance with low instrumental precision, thus causing certain 

experimental errors.  From the discrepancy of data in E^. (1) 

individual data may have deviations of more than 30%.  It is 

possible to have certain deviations when averaging.  SecondlTr, 

->-j 



there are some flaws in the database of the AFGL spectral lines. 

Generally speaking, the database is reliable but there ma" be 

room for improvement due to limitations of technical conditions 

at that time.  In recent years, work in this direction was 

reported in successive cases.  For example, Gao JunTri et al  r5"! 

discovered that the ray intensity ar^ i ■; n^™-; ,-n-v. ,-H TTOTI V,„ WTII-^V 

were on the larger side.  However, the results from Grossmann et 

al. were on the smaller side.  If the absorption cross-section 

I n,. -■)/ 

eaiKie]-l • IxlQ ""   cm,)   of   water   vapor   molecules   at   the   1.315- 1 1 o ,T i 

micrometer wavelength given bv Braoa and f<=li" rn =,v<=> i,C(=,q +, 

calculate the molecular absorption coeff 1 /-in on +■ pa T-      nn I tT 

0-043kir\ * under the exDer^p^^ai r^^/q-i-M , 

reduced down to less than half of the AFGL data.  Further 

discussion is necessary to determine which 

TJVAnrt 

-S right and which i; 

With     this      oycpviTBont nanAi-al  1 TT     T.TO      /-« : an obtain the follcwir' 

results: in the fall in the Hefei area, during the horizontal 

atmospheric optical path transmission of the iodine laser, the 

variation in atmospheric transmittance is 3nnvAvim3t-Qi„ Kot-^oo^ 

7 0 and 8 5%.  When the temperature is 213C and the relative 

humidity is 64%, the absorption coefficient of th<=> =*-™^n>>üvip 

molecules is approximately 0.11km"1 for the 1.315-micrometer 

iodine laser.  The main factor affecting atmospheric 

transmittance of the iodine laser is scatterina of the 

atmospheric aerosol particles, and the varying absorption of 

water vapor due to \Tariable water content in the atmosphere. 

iä 



Qn-n^ci     -t-Vi es     i A^i np     1       T1 R- vm-i fvnmat pv-     1 =j e pv-     ic     p +-     the     f 31"     end     Of     the 

T*T=a+-av-     TTpnAV     aKenTpf-i^ri      l-irio T +■      "le?     VPrV     difficult     tO     meaSUre     OIllV 

the water vapor absorption coefficient at this wavelength in the 

actual atmosphere. 

To obtain more accurate transmittance and water vapor 

coefficient for an iodine laser in actual transmission in the 

a +■ -m r\ c r** V» a y ci ivrp     CVIAIII ^     m a \r o     övnpriTnprif a"j      nrip a en v-pYinp-n +* c      a +-      lonCTSr 

^jefannoe #  jn addition  we should conduct detailed studies in a 

simulation laboratory on the relationship among temperature, 

nrpccnvp an/^     waf py-     tTannr     nnnfpnf-      af      ■}-Vi o     1       ^ 1  ^— TO n fro^^tsr 

wavelength for the water vapor molecular coefficient.  Research 

in this direction will be pursued when conditions are suitable. 

The first draft was received on February 26, 1993.  The 

final revised draft was received on Nay 5  1993. 
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EFFECTIVE ABSORPTION COEFFICIENT OF 
AEROSOL HEATED BY LASER 

Liu  Yanvan,   Wane?   Junbo     T<=>   cj,ivi3n 
Yang  Xiaoli,   and   Lin  Wsi^an 

Institute of Applied Physics 
University of Electronics, Science ^n^ ^phnninm, 
("V^-nor^n  £1 O H R/I iA^'J-J'^v-*v^-   w j- sv ■_- ,J -_; 

ABSTRACT Thermal blooming induced by aerosol is discussed in laser beam propagation 

though atmosphere. We give the effective absorption coefficient a,/f(t). Because of the limited con- 

ductivity of air, the increment of temperature of air heated by aerosol absorbing energy from 

laser beam is imhomogeneous, which lead to the a,ff(t) dependent on time. The delay time /„ , 

when the arff(t )arrives at the maximum value, is dependent on the radius of aerosol. 

KEY WORDS   aerosol, high power laser, thermal blooming, effective absorption coefficient. 

T    TTI f vri^nr,f i >n 

In theoretical research on high-powered laser n^Ana/Ta f n  r\ i^4. -_-j^^a agation   in 

the atmosphere, at present research on thermal bloomin^ is mainl" 

concentrated on the molecular absorption effects, but neglects 

the contribution made by aerosol particles to thermal blcomin^ in 

the atmosphere.  If the laser wavelength at the atmospheric 

window is properly selected, absorption by molecules is veriT low. 

Here the effect due to aerosol particles should be considered. 



Whsn there is an abssncs of particle punctur e  breakino  or 

svaporation, G. Caledonia [1] snd D. E. Lencloni [2"^ et al. 

nSCflSCtsd     thS     relationshit)     Of     hoat"      ovi-»Viart*»*o     Kof rjapn     navf-i r*l oc?      =IT-I/^ 

a i r.      It   is   assumed   that   all   ener*""7"   of   th°   nov^e/-»!   navf •! ro o«? 

absorbed   from   a   laspf   hpam   i e   i-rane,f:prrp^   1"»***   i-Vio   ofmocni-ipT-ci   wi •*-}-> 

n{"}      f-TTi^p     /^D]  atr +* Vt <=s      of f pr<f-j T?p      aKc?/-iV*t-\-h-i/-»,n      r<Aaf f *i  n-i  opf      c-\ -F      a o >-/~\ c? /-\ 1 »—' w J. JIIC       *^fc «w _U «-* j    ^ will»        ^~Ju-i_^\**-w_L.v  ^       Ct *^ w \_> i_ ^  v«- _i_ ^y j. i        uv^\^j.j.j.^-J-^ii ^r        >—/ i_        d vii   ■—' n-» ^»^ -t- 

particles is the absorption coefficient of asrosol particle. 

C* P" rVian       r^l       nprrl p/^f-o/^      *- Vt cs      1  T •mi  f pH      V"> P=» ^ t"      nnn/^iinf-i TTT  fir     /~\-f      a -i >~ •      Vi pi 

aSSUITlSd     that     SOTne     Of      th°     pnarrfv     aKo«-»rKp^     V>v     acirrjenl      r\ a v +■ -i r< 1 oe 

from a laser beam is used to heat particles  and the remainder is 

converted to heat and is rapidly diffused in the air.  Thus  air 

is uniformly heated thereby inducing the effective absorption 

coefficient of aerosol particles. 

For      1"hP     rpal       a,t-Tn^cj>-j,hci>-ci c-i-n^ci      fViü      r<nof f i  /-»i anf      /-% "F      f Vipvwsal 

conductivity of the atmospheric molecules is smaller, the heat 

entering the air is always first stored in the circumference of 

the particles, forming a heat well, thus constituting a region 

with a local temperature Gradient prior to outward diffusion. 

Thus, the heat entering the air does not immediately heat up all 

the air.  Research reported in this paper aims at using the 

theory of the present-day continuous-operation lasers to heat 

single aerosol particles, leading to thermal blooming, and to be 

led into the group of aerosol particles with consideration given 

to heat exchange between particles and air, as well as the finite 

thermal conductivity of air.  We study the effective absorption 

coefficient for heating of group aerosol particles caused by a 



laser.  In the second part of the paoer, the authors describe the 

models and formula used by single ^articles to heat the 

surrounding air.  In the third part, the authors ^resent the 

models and formula of the effective absorption co0^^^ ^^ d~>+-   "■F +-ha 

heat effect by group aerosol particles.  The fourth ^art ^resents 

the      theOrCi''-^r,=1"'       nal  r<nl  a t*"i ATIC 

11- Air Temperature Distribution Surroundino Single Particl 
j"f"f~p>"  Wcs o +- mg 

For convenience in this discussion  t-vip an-t-K^vo np^i c^.+- 

absorption by atmospheric particles.  The temperature variatio 

distribution of air surrounding the spherical shaded aerosol 

particles with uniform absorption can be obtained from E^. '1^ 

n_m 

"R y-\n n r\ -. "Tr      /-* r\ r!Hition£ 

1     PT 
K' 0 1 

(1) 

XnitlXSl.      '"'QT"» /"3 n   +--1  r\T\ 

cT 4n cT 

r=rn 
TVI C»TI 

r- x 

(2) 

(3) 

7-=7-„ uhün      +■ = O :4) 

Here      * — —■—     ,   K ,    k  ,    o  ,   and   c    indie a t e     vcienpnf-i TTCI TT     -t-h^ 

thermal   expansion   rate,    thermal   conductivity,   densi tTr,   and 

J   is   Joule's   constant*   and =a  no 

the radius of aerosol particles.  p and c  are  respective!" 

i. h e density and s oecific heat car^acit'tT of th^ narfi ^i üC   T 



llC .X.XXV_~.X.t^.V_-lj.^ _L  V* >_*  V-> X. 4.11   vClltJ  J.    Vj      • >i 2 Kl C -J-  •—' »_- 1 1 ^ C*J^>-SV~'X.£SV^J-WXX ■s^v_/%_-J_J__l_'w._l.t;j.AV- 

A *F      a o-v-A e? A 1       r\avf -i  n] oe      +• A     Kc      enl TTp/*1      -in      •f- VI *a>      *- n o A V-TT     A -F     M-i  o 

enaf f pvi nrf T1     -i c     fpwnoraf livp     a n Ä1     T".     -IC?      -H Vt ps     ■ho,mr\£av-a,t-'i,iv"p     Kof ATO 

■f-Vto      a A 4—i ATI      nf      a i v*      a -p Ä1     narf i pi  pe TVii  e      n  e?      iTn/^ov      -H n o      a cenwri'l'i An 

that air and particles are at the same temperature.  In Eq. (2), 

■t-v^g authors have assumed! that the internal temoerature of the 

particles is uniformly distributed, neglecting the evaporative 

ef f pnf     A "F      +-np     T*\avh-i«-»1oc! 

TTyrvTYi     T7A*C /I   \       1"">"'Ä»1]n'h       ^4^ T*Tca      ^=,T>      ^Kf a T n      f V» a      annrAVi wiaf p 

OAI iif"i An       T*^      ^ 1       A "F      f*hp      =j o v* A o A "I       T^ayh-iATpe      V» o as +- e» A1     TJT  f n      AAnf i nimne- 

waves at a point P (x, y, z) by the particles at any points 

C\ l v ' xr ' T'^       -IT-»      e? ■A a A o 

2aA7\(a) 
7(r.a;r'./) = 7a + 

Tpmncivaf iivoc      A F      navt-i  r>l  a e? X.   C IHN"  v_.X.V-i.l_-l_ix.s_.l_( V^f   J_ K-» Ui X.      V—  ^-   ■—•   i.  v_- wJ 

{l-exp[- —'— (\--K )]}exp[-/r]</" 
X(a) "' (5 

rj(0 = ro+A7rU){l-exp[--^y-]} (6) 

Here r~\r — r'\,ß    ■ . Av r (a) ^s -(-he hiahest temperature 
s/4kj <■' a ^ 

rise that can be attained by aerosol particles with a as the 

radius.  T= "'P.C.        is the time constant of the temperature 

increase of aerosol particles.  After a single spherical-shaped 

aerosol particle absorbs laser beam energy and heats the air 

(with a as the radius), the air temperature is given by Eq. (5) 

a +■      f "i vnp      +-     T.T -i  -f- Vt      A'-ic't-a-pAo     v*      -F v A-m     +■ "h o     r^ayT-nATp      confer 

III. Effective Absorption Coefficient of Group Aerosol Particles 
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p C   3 V- d The assumption is made that the aerosol ^articls 

distributed with the single dispersion spectrum; the chemical 

ties and the geometric parameters of all aerosol particles 

ire the camci They are uniformly distributed in air   Tc 

simplify the model, particle motion is neglected. 

If the density distribution of aerosol ^articles in air ic 

uniform, then the probability of particle existence in the volume 

element dx'dy'dz' near 0(x',y',z') is dx'dy'dz', therefore the 

temperature rise of point P(x,y,z) at a distance r from 0 is 

AT (r , a;r ' , t) ; its probability if dx'dy'dz'   Th^o-F^o  +-v.o 

average temperature rise &j    at any instant can be expressed as 

L " J 

AT(r,a,t)=N dx'dy'dz'^*IA£l 
'V 7T 

(1 

ß2 

~expl~HaT(]~y)]}c,P[-^u, 
(7) 

In a unit volume near this point, the heat required to 

induce an average temperature rise AT (r a t^ ^ tM <? nn-i^t- =+■ 

t"T WC   +" 

A0(r.a./)«Jc.p.Anr,a,/) (8) 

If we assume that thermal bloomino of ^h"5 = ^^v+--;^,p -i e imifnrmi,; 

ibsorbed by the atmosphere, the effective abs orption coefficient 

similar to molecular absorption can be used to indicate the 

thermal blooming inducing the average temperature rise of the 

atmosphere due to the energy from the laser beam absorbed b,r the 

aerosol particles 
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AßtO-f/OKyOrfl (9) 

Jo 

Then the effective absorption coefficient of aerosol particles 

with respect to planar waves is 

co     dbT(t) 
a'ff{t}~   l(t) dt 

" «I) J, rv»   J. * 

IV. Calculation Results 

It is assumed that the incident laser is planar-wave.  We 

made commutations on the effective absorption coefficient of 

carbon particles and water droplets from a laser incidence to 

single scattering spectrum with wavelengths X—3. Smicrometers and 

A—10.Smicrometers.  The particle concentrations are N=10/cm" and 

particle radius a=5micrometers.  The specific heat capacity (of 

carbon ^articles) c=0.711J/g'K, p=2.55g/cm".  When 

l=rT »m^rnmoto»-'  n = 1 R — i 0 3   When A.= 10 . Smicrometers , 

n=2.2—i0.9.  The specific heat capacity (of water droplets), 

cn=4.18J/g'K, p„=1.0g/cm3 .  When A.= 3 . Smicrometers , n=l. 42-iO . 013 . 
r r 

When A,= 10 . Smicrometers , n=l. 13-iO . 08 .  For air, its heat 

conductivity k==2. 54x10 J/s. cm. K. and its Joule's constant 

J=4 .187-J/cal. 

Figs. 1 and 2 show the time dependent variation curves of 

effective absorption coefficient for carbon particles and water 



r] >~ <-\ r\ 1 o +- c      f / lasers with different wavelengths th, 

■F -l m i v ci o 
j- j-a »u..«. ^.u , we can see the followincr.  The effective absor^ti 

T 
o 

8 c 
E 

o 

Fig. I   Effective absorption coefficient a^ for 

carbon at 3.8m and 10.6m 

e 

a 

e 
•£3 

J        10 10-J 10- 10' 

time f/s 
10- 

Fig. 2   Effective absorption coefficient a>;r for 

water droplet at 3.8/im and 10.6/Jm 

coefficient is nearly 0 at 0.Imicroseccnd.  With nrclon^ina of 

time, the effective absorption coefficient slowlv increases. 

After a certain time period, the coefficient in^^o^oc r=ni^iv 

until a maximum value is reached.  Thereafter, the coefficient 

decreases slowly, finally arriving at a steady state.  Now this 

is the total absorption coefficient of group aerosol particles. 

This is a greater difference than the results of absorption b" 

pure molecules.  Because after the aerosol particles absorb heat, 

part of the heat absorbed will be stored internally to for?" = 

heat well, and another part of the heat heats the surrounding 

air.  At the beginning, most heat is stored inside the aerosol 

particles; very little of the heat enters the air so that there 

TO 



is very small variation of air.  Thus, the corr^^^^i^ 

effective absorption coefficient is almost zero.  As time passes 

the temperature rise of particle slows down, and heat entering 

the air increases.  However, due to the finite thermal 

conductivity of air, the heat is accumulated surrounding the 

particles, forming a locally inhomogeneous region.  Now, the 

effect on air variation increases.  Correspondingly, the 

effective absorption coefficient begins slowly increasing. 

Hereafter, heat stored in the inhomogeneous region locally 

surrounding the particle also begins to diffuse, and the 

effective absorption coefficient increases rapidly  to a ™a^i™u™ 

value.  Due to the function of diffusion of stored heat and 

thermal blooming, and the conduction of thermal blooming from 

particles, this maximum value of the coefficient is =ii^Hv 

greater than the total absorption of the group aerosol particles. 

With progress of thermal diffusion, local inhomogeneity becomes 

less and the effective absorption coefficient begins decreasing. 

Finally, only thermal blooming of particle absorption is 

functioning. 

We define that the emergence time for the maximum value of 

the effective absorption coefficient is the dela" time of 

effective absorption coefficient of aerosol particles.  To solve 

for Eq. (10), we can obtain the variation rate of the effective 

absorption coefficient with time. 

1-) 



dt 7(0     I,. Nn It N n 

— expf - — U - A- )]exp[ -f.c] du } 
■r T /r 

(11) 

.1.   A1W4.J.    , ^ii^. UV.XUJ W_l_*llW V^f) ^    ■>- V-   ii.W V-^J-^^^-l-VV- UJ^^WO-^^iVll ^■^^J_.L.J_^.l_Wii. 

^an      r\£ ■\|-\-r-=5-i-rtes/^      f v/ 

dt 

dx>dv>dz>2^ { JL CKp[ -ß^ 

-i-cxp[- - (1- K )]exp[-/i:]rf/i}=0 
r T /r 

(12) 

pnrTrf ^      f-Vi^ 

wa vi iTivirn     Tral ii£i     /-\ f      t"?lP      fsf f Off i yd      aKe^vT^-t-Tn^      nnpf f-i  r--i  pnf      /^IIü      +- r-\      i-Vip 

I 

5X10"4 1 x 10- 
particlc radius a /cm 

2x 10- 

Fig.3   Delay-time r„ versus particle radius a 

(1 ) water droplet ;   (2 ) carbon dust 

action  of   a   Xaser"   foir   cajrfaon  particles   and  wateir   diroplsts   with 

A -l  f f pronf     >- s A -i  -i T7>-/-\m     +-H o     -F -i m-ivo     T^rci     r-< =1 r ^^ -L..i_X-lwi_W XXV- X_    Cl V-C -L.   -1_     a i.     X_    *^ A11 l,Ho I.    X^   Ul.    C Y*t_ ^*  l_A X n      coo ^-Vio      f r\1  1 nun nrr •      T*T -1  -f- V» 
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\anaiicu  i-h o 

increasing radius, the delay time of maximum value of the 

effective absorption coefficient increases .  Th1' a   ^ a   ^ 

greater the particle radius, the more the temperature rises to 

reach equilibrium.  The longer the characteristic time  the mor 

the heat stored surrounding the particle, therefore the greater 

the time de"* aTr 

IV. Conclusions 

In the foregoing, the authors studied the time-dependent 

variation process of the effective absorption coefficient for an 

increase in atmospheric mean temperature in the process that 

aerosol particles have the energy absorbed from laser beams to 

transfer to air during the interaction between aerosol particles 

and the laser beam.  From the calculation results  we ca" =ep ^b<=> 

following: in the time range below picoseconds, the effective 

absorption coefficient of air due to aerosol particles can be 

neglected.  With the time period of picoseconds to 

submilliseconds, the time-dependent variation in the effective 

absorption coefficient of air caused by aerosol particles is very 

complex.  In this time period, we should adopt a method differing 

from molecular absorption in processing.  After submilliseconds, 

the effective absorption coefficient in air (caused by aerosol 

particles) attains a steady state, not varying with environment. 

This can be applied directly so that the overall absorption 

coefficient of aerosol particles can be used to obtain the 

effective absorption coefficient. 
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ANALYTIC THEORY OF SMALL-SCALE THERMAL 
BLOOMING INSTABILITIES 

Shi Jiangjun 

Institute of Southwest Physics, 
P.O. Box 523-55  ^he*-"-?^!1 £innr>"? 

ABSTRACT The linear analytic theory or small scale-size thermal blooming instabilities for a 

h.gh energy laser propagating through a homogeneous medium is derived in paraxial scalar wave 

approximation and isobaric supposition. When we perform Fourier transforms in transversal 

coord.na.es and Laplace transforms in time and longitudinal coordinate, the fluctuations can be 

obtamed in analytic form. In the real world the Fourier components of the fluctuations arc written 

wuh the propagation kernal (or Green function) Kk (z,,). after the inverting Laplace transforms are 
performed. 

KEY WORDS   thermal blooming, small scale-size instability, propagation kernel. 

I.   Introduction 

Atmospheric propagation of a laser beam is restricted b" 

instabilities due to thermal blooming.  Small perturbations in 

intensity or in phase of the laser driving source will cause 

modulation of high-space frequency of laser beam intensit"  thus 

leading to variation in medium refractivity due to absorption and 

other processes.  These perturbations of the medium modulate the 

laser beam phase, intensifying the rate of laser beam 

perturbation relative to time and propagation distance. 
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aocr      =3"n/-i      mciHT nm      TO Obviously, this interaction between 1; 

nonlinear.  A solution to this process requires eouations from 

fluid mechanics on media as well as fluctuation equations of the 

_  _-    Simulation  OAI IH—I nno  d V- c± 

carried out by using data encoding with a computer 

combined li^ht field.  In addition 

fIr;T.TpT7^ y i->ic  -F-i o 1 A equations can considerably be simplified 

■i -n  -(-HA e paraxial scalar- wave a^^roxi^at"1 ^r->   "^"^ ^~h Ci     ~i  a r\ Kar- 

+-H c?      rnv      f hQ     mcinT nm      3 v- £ 

VS^V      c-i mnl Q      -i -n      -F 

vVif : 

n.  In this status  researchers ^^^ Tronr ^ ^ o -i i T? 

the 1inear~perturbation scruation set relatino to li^ht- 

intensity perturbation, phase perturbation  and medium— 

refractivity perturbation.  In recent years  various methods of 

solutions were available for perturbation eauation sets  such as 

the Briggs' analytical method of approaching the solution '"I"1 

■J.   R. Morris' solutions on the standard Green function r21  and 

T. J. Karr' s Laplace transform and ip"erc'i ATI onTiit-inn -m^t-i-,^^ m 

Methods used in the article are similar *~^   i-h,^Cf>   iio^^ hu n^py-v- 

Detailed derivations are presented in the article.  Moreover  two 

kinds of equations are given to describe ths ^J- -^i^^l^ ernei 

Ki   ( Z  ,  t )        for      OrOWth       ^n      novrnyKatinn TV-, o<r o      orruaf i 

reference   by   researchers   on   at^osDh01''' ^   n-nnonafinr   ^f   H-S^V,- 

II.      ThGOret"!  r2^       pnn^amönf al  e ■"*-    -*-     • J.    A A  V-   ^-/  J-     V_-     O   X    Vrf   V_*   _l_ i.       l_4 J. A \_i O. iii^ 11    ._  \^l   J_   ^> 

A laser" field can be descrihpd b-*7 => ^Amnict-a o^-i- Z-^-F 

Maxwell * s eauations .  The laser DroDsaafüc ^ ^ -i-v^ ^-^-; T-^^-t-n ^-n * 

1Q 



f Vip  r\ v*/ 
ne propagation medium is nonmagnetic, with magnetoconductivity 

equal to magnetoconductivity in vacuo.  The electrical charge in 

space and the conductive electric current in the medium are not 

taken into consideration.  In addition, the dielectric constant 

of the medium is slow in time-space variation.  Therefore, in the 

paraxial scalar wave approximation, the light field e is 

£ = £exp{i'(tu/-*r)} (1) 

The light field envelope E=E (x, y, z , t, ) satisfies the foP^n, 

equation 

Vj £+ lik ( -j-  + i )£+ ( J-  - 1 )#£-<) (2)' 

k=2n/A is the number of laser waves and A is the wavelength of 

the laser waves.  ag is the extinction coefficient, which is the 

summation of the absorption coefficient a, and the scattering 

coefficient a$; ae=aa+a£.   Moreover, ac=n0oc/n0; in the equation, 

u0, o, and n„ are, respectively, the magnetoconductivity, 

electroconductivity, and the background refractivity of the 

homogeneous medium, and c is the speed of light in vacuo. 

The energy conversion time during which some of the laser 

beam energy is absorbed by the medium is much smaller than the 

propagation time of the laser beam; in atmospheric propagation, 

the energy conversion time is measured in microseconds and the 

propagation time is measured in seconds.  In other words, the 

refractivity change of laser energy due to absorption by the 

medium occurs over a long time scale.  Therefore, this process 

can be subject to the isobaric approximation.  In the isobaric 
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appjroxijf.31ion     ths   ref 2ractivii"v   scuaticn   i s 

dn 

dt 
+ v • V«= -r/+£>V2n (3) 

111 ^XX^- WV^^^    ^.A.   V^AA     , AA y        £ _t_   ^> >~XX-~ A.     V„    A-    X.     ^    v,     .-   _1_     V      -L.     ^Jf        , «, _L.    >_, t->i< 

^ n  D!  O/^-t-v-i  r* ? +- as r-> -h       ^ -F       +■ Vi £ i^T 
 _   -A   W iUUUiUi!!, V XVJ l-ii-w A.    -A.    U.   _1_   « ,w>   js^   W   V_   ^ V^J_ V-li- 

™ s d i urn * and D is the mass diffusion coefficient of ths ™ e d i urn. 

Caused h v ths unit 1 a s s IT intsnsitT7  ths tirns v=sv~^:at^/",''n >- a> +- o r ^ -f 

vcf r a nf "i TTI   fir     -i  o 

r = c4a.  . (4) 

Tn   ths   ecru a t i ^n r ~ (Pn / r n \  I (c T) T?^>-   ^    on^'r   afwner»v»ovo      /-»     i c 

approximately equal tc SxlO 'crrr/J (dn\cp)P ±s the Golstone-Dale 

constant" c is ths isobairic specific hsat o ^ ^ v-i ^ ■mürMnm- n-1 -ic? 

ths   iDaclvCTjround   tsmpsirstuire   of   ths   medium*   and   X   is   ths   laser*   beam 

■i Ti-f-ciTie-i  f T7 

TXT T.-i npar     Dovf nrKaf-1 ATI     TT rr I I n +- -i A ?-t 

AS S UTT1P      Trt     r2 T"! d      r"> /■      r3. "^ ö          >-oe?T-\pr,<-h-iT7o~!TT f h<a      "lncrov      -i-nT-dTier-iT-Tr      ar)^ *XW   W    U*.AllV~               _1_   fl            '-iXAV^.             ilf(              Ci A.     «w      ,                A.W^-.^C^.-J.V^J^j;        f ^ AA-W               _i_^.^/>wJ_                J-IlL-^HUJ.     Oj                UIIVA 

refractivity of a medium in the abssncs of perturbation.  Post — 

\py-HivKaf-5 An 1   a OQ>-      TTiT-QTic-iT-TT-     -i 
y C; a.    K~ K*L A-  is^ »^t  t_- _i_ »w- A 1  ^ .A» >-A •—» \_- J_ _I_XXI^^.XA»—•-!-*—  V j_ C? T O TI /^ iQnn  TIT rof ranf "i ^^-]  +"TT      TC n. 

Let also   as o nrr» es that      thS     T)TP-rp>"tllvh3t""i On      f i  pi rl      nhqc<a      nc      •* „ 

T    O        T7£ 

ap/^      +- *h a +-      IT-      -ic*      <* „     nnci--nc>-f nrKaf-i nn 
AA^-«. ^_ AA V*   I— -A-    <~ _».»_* y/-J ^V^*JV_ £JWA.'_(_*.A..»w"_A.V,_»_^yAAf 

= /0(! + F) 

n-n0+An 

3 c a l im i T1/-T     f h a t-      T-\cs>"+-iiiv-^=]+--i 
^V_   A,       -    ^A.     . 

n  /^TI 

(4.1) 

(4.2) 

(4.3) 

A n 



Then the 1 i ^h t field 6nV6lons I*-* I= v/ / V^id     T»T v* n  +- +* ci r^      a e 

£=£0V l + F cxp(i(cp9-q>l))»Etcxp (i>0+ — »V,) (5) 

T.p-t-      lie      ■i-r\f--r~/-\r\T\r*cz      "t-Ko     TTOT"!  a<-i An      /-\-F      +-n o     VQI  af iTro     raf rar«+-'i TTI  fir 

An        1       e 
T*7( 1) 

QnKcf ■; +■ 

2      * 
ufp     Prf / R^       inf A     T?n t0\ an^      onnof-i  fnf<a     T? rr IA\ ■1 nfn     TPo* 

( "^ ) R"*7     norrl a/*«f-i nrf      +■ Vi p      n -J /-r n pv* — o"*"^ £*>"     novfiirKaf i An      +- o-vro e       / j-Kar      -i   o 

a /^ /-i-r\ ■}- "i T-»/-T     1  n n p a y*      a rM-w**-\ v-i matf i  m-v \ 

dF 
dz 

dz 

1 n*. 
■*(/•+-^-nn 

dt 

TL 
F+ DVV 

(6.1) 

(6.2) 

(7) 

Eq. (6) can also be rewritten 

-?J-+v^+-irv- F)«o tf^ 4)t2 (8? 

E/T e f *7 \       a nÄ1       f Q \       a v-p      -iwr\i-\v*+-ar"l+-      oanar-I nnc      -in      fnc      a,na~lTr+--ir,'al 

theory of thermal blooming small-scale instabilities.  These 

equations present the variation rule of variable-refractivity 

propagation with propagation distance z and time t, for a medium, 

TiT-i-HVi      f Vic     npKfiivKati An      r\*r      1  aepv      i nf one-i  f IT 

To solve for Eqs. (7) and (8), we should present the initial 

distribution — (y.^Ci)   of 

■t-n p     KrMinAla vTr       / »7 = 0^ 
>_- x x v^        }*s "*^ *-x x x VA \^t J_    r \   *-> \s   /     t 

..       .    ._.j^       of      rjprfnvKaf inn      T?       f T = H      +■ )       frtv      •* 1*7 = 0      +-)       af 

IV. Perturbation Amount and Propagation Kernel 

Execute a Fourier transform on EQS. '7^ and '8^ 
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/*= f{x,y)e\p(ik-r    )dxdyi {2n): 

1-H O Ü/-TT nation,      k~k\+k\   r    then   the   s^uation   of   <-Vio   Pnnricv 

'3r ion   cruantitv   can   be   ^OT--I T7o^ 

d:Ft -p- +a;Fk = k-nk 

lb. 
dt 

r'Fk — Dlc[ii -f iv ■ A/J4 

(9) 

(10) 

In the equations, the transverse-direction wave number k and 

of the perturbation amount, and r* are ^iven below 

k^k]-rk] 

a> = 
k1 

2k 
(11 

r = r/0/ «0 

"Php      f Avv-pcriAnHi n rr      -\  r\ -\ f-ial i^-l   +- n M-l 3 T-l (^      K ATI n A1 = T~TT      A An A1 -i   T -i An       arc 

F4(/,z = 0)=JFt(0) 

/•;(/.z = 0)=F/(0) (12) 

THan !arry out a Laclacs 

T?r*c i Q \ 

transf or*IT on z~~o and t—-v n n. 

s. (9) and (10), c and v are, respectively, the cor^u^ate 

variables of the Laplace transform   af*-ov mqn-; ^ni =,4--; AT.  *-h^ 

expression formulas of the post—transform perturbation amounts 

are as follows! 

a'+a; _   ^  r(gF»(0) + Ft'(0)) 

A-: 

v (cr+a;)+ r*A~ T7T /',°+ [ 1 - — 
r'k2 

, ^(0) + F/(0) 
v"(c7:-r^) + r*/:: J       <T+^ 

(13) 

(14) 

/I o 



Tn  +-V>: v" =v—ik'V~t Dk~      •  When the convection velocitTT v 

and diffusion cosfficisnt D are constant'  the time factor 

exp (-Dk"+ik ) is multiplied with the related quantities for 

obtaining the inverting transforms.  We can see that the presence 

of diffusion has the function of restraining perturbation. 

However, the effect of the convection term is to change the 

transverse distribution of laser—intensit" perturbation. 

To carry out an inverting transform on Eas  (l-*) ai-"^ C\A\ 

ion  KsiTP0"' c    ?    r ari(3 i at- 

K°t 

*» = *»(ff .v)== 1 

a' + al 
via' + aD + r'k2 

1 
«r'+aj 

(15) 

(16) 

(17) 

Then the equations for perturbation expression equations (13) and 

(14) can be rewritten as: 

Ht = Lk #- T'Kk (oFt (0) + i=7(0)) (18) 

Fk=k2Kkp:o
k+ (i -nt%)u?' Fk (o) + Kj F;(O )) (19) 

In the equations, K*   is the Laplace transform of the A'°'(T) 

^i^   V J.^ v*^ J.J  , 

*'-*!- .7+7 (IT) 

In the above-mentioned equations, those quantities with the 

symbol (") indicate a Laplace transform with respect to time. 

A  T 



The quantities with the symbol'(~) indicate a Lanlacs transfer' 

of z.      The quantities with superscript 0 indicate the initial 

T7 =)    l   1 1 O Al n a ro >f      t T TPi S *       the      i p/lar\Qn^£in+-      miam-h-it-Too      rnnf a-i   r -i nn      Pi      -i -r. r3 -i 

the boundary value of the auantitiec   T?^>- c^^m^i G  770 in^nVafGe 

the quantity after the z—o   Laplace transfer in of the Fourier 

components for refractivitv oerturbatior ^¥   ^p ir»Ti--iai r^ar--; C,A 

Besides, the Quantities having an s^ostrc^hs at ths superscript 

indicate the differential with respect to z.  The quantities with 

indicate the differential of the auantit'"' with respect to t 

By using the definitions (15) through '17^ of the 

propagation kernel, we have the f oll^™-' ^^ v-oi ai--i ^neVn-^c • 

^k^-rk2KkK
a

k 

■fal 

Jo 

(20) 

Lt=-k>r\Kk(x)dT+l 
'o 

among other relationship0 

Let us carry out the inverting Laplace transform on z-a in 

Eq. (18), and the inverting Laplace transform t—v on Ea. '19^* we 

)btain the solution of r^ertur3D3'*"'i"o''ric?' J-n      -1-1-, on      r\} 

Hk(z,t)=Lk (z ,t)tf (z) -r[Kk'(z , t)F„ (0 , r) + Kk (z , t)F^0 , /)] 

Ft(^t)=k!Kk(z,t)nl(z) + K°k'(z)Fk(0,t) + Kl(z)F^O, t) 

+ Kt(z,t)Fk(0,t) + l?k(z,t)Fk
,(0,t) 

(21) 

(22) 

TJ g      rmief      -n /-, +- ci      f Viaf      -i T-I the      tWO      ?,b0VP-mQr'^,i  Apor]      o/-rn =a ■}- -i  /-A n c "i TI      +- VI <: '-' -*"1 *" "   "    *—' "•-*■ *-*   *-*     V     >  iUOli    L.   4.   Vil V_.   «-4. <—   V^   i-A VI    1^   _l_   V_* lil_:     f _i_ A A V, X. X N 
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pace      A -f      i  faTnc      nnnf a-i n-i nrf     •]- T*TA     Pi>"     wnvp     nr^^nr'f c      i nr?anciri^Qpfl TT 

mill  fi nl  i ö/^      "KTT     T AV      n  +*öwe      r"nnf ai pi nrr      fun     A v-     mr\y a     nrri/^nnfc 

independently multiplied by t, these terms should be solved for 

lYT-i-HK      f Vio      AA-pTTAlii't-TA'n      -t- V» o A v- a -m     PAAA-K-A,-IT">A-     +- A     +- "h o      i mrnvf i n/-r     T . a T-\ ~1   :=» A e 

transform.      For   exa — ^le 

*/(-' .OF,(0,/)= Ut (r , i)F, (0 , f-T)<// 
«0 

M-OtfU) A'J.s,?)/^ (r-j)<fr 

wiAnrr     A 4- Vi £2, v* e?       ^ ■»-» /--> +-      ivr >- "i  +- "h o n      mif"      "h ^ "^ -=> ^ 

TTT-ATYI      -f-T-itr.     nQyfnrKaf i An      CAIII-H-IA?-»     T>TO     Vr>Ati7     f nat      -h V> o "»^ <=*      avo      +-"hv_U£_s i.    j.   vJii: Uiiw £^ \_- j_     i^ux   Xs** u   Li. vli >_'^'-L.>_4.t_r-L.i_/xx VT ~ J111V A 1_- XX <-X   V_- *_. i.-^ -^ J-    V- UX   C !_. I ± J_    ^_- ^. 

f nr      ef ■! wnT   af-1 n«*f     "i pcf aK"i  1  i  fir •        ^ 1   \       -i nt-C-ncn'  f TT     novf lirpaf-i An 
J_ v-> J_ o  LiiuU4.Cii,xiiy j-iiu   vu^xxx   ^j • \   ...   / -j_i.,i.^v_lx>w#J_v_j ^/ <_ x_    >^ux  kyu  vxvn 

<3 Al 1 V A C. C? 

v, ( n   +■ \ f 0      +- \       0"P      ■*" Vlö     ~l  => o o v     f rancm-i  eo-i nn      CAiirr>p       ^7 = 0)   •        / 0 \      nV^aecs 
\    V     f      *—   / *W  X. 1— XX*— .X. VX I»-   V- X_ VU.    alil^JUXkJO   X  Vll W   VUX    VC \   *-■ *-"    /       f \   *VJ    / ^HWkJ   *- 

perturbation  /^'(O,/) of the laser transmission source (2=0); and 

(3) the initial perturbation p^(z,0) °f refractivity in the 

▼np/^liii*" r>'n"'',r    MI f h     -h Vt <=.     o-v-icj-honAo     Af      sunrr     cvr>i i*af n An     o AT i >-A o     awAriA- 

them, can the growth in perturbation (after interaction between 

laser and medium) be given by using the propagation kernel 

Kj,(z,t), Lj,(z,t) and the corresponding post-differential 

quantity.  We can see that it is vital to correctly present the 

expression equation of the propagation kernel Kv(z,t). 

-rmagation Kernel Kk (z , t):) V. Expression Equation for Prc-^ 

From the definition of the propagation kernel Kk{a,v) ,   c- 

is conducted with the inverting Laplace transform to obtain 

A'tU,v) . Kt{o,t)    can be derived with the inverting Laplace 

transform on v-t.  There are the following results: 
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Kk (r ,v)=  sin (atß:) 
vnkfi 

Kt(o ./)= -J-^ cxp(- -PLL 
(J' + a; 0- + C1- 

(23) 

(24) 

Tn      +-Vio      o/rnaf i nn« 

ß:=\+ ^ 2kf 

a. 

If this invertinc Laplacs transform of v~t is a^ain '-•^■^■^■i ^rt 

out on /(*(:,v) , or the inverting Laplace transform of o-z is 

carried out on K  in   t\      then ths 

the propagation kernel Kt(z,t) can be obtained.  In the inverting 

transforir. process, by utilizing the theorem of residues to solve 

for the integration of multi— n^"1 ° r^-in-t- fimnfi nnc T.T-;-I-V-I ■t-v.a 

application of general integration equation of the inverting 

transforir,, and by utilizina the Ls(,v,=n"i =n -F^^m-pi =, ,-^ ^^m-^ic-i-Q 

the high-order differential of the multiplication Toduct of two 

functions, thus the expression or»..a-t--, op .-.-F V, I T   +- , ^ = n i~>o ' »*■«-»     — ,* *. £_- j_ v_. l_> u -k. V-- A A    V-- V^ \_A i_4. V, _1_ v./ i j,    v-' -L_    111, \ ti ;  U /      VJ. >_* A X    *_/ »  

)rously deterrnined. 

Beginning from Eq. (23), first A'A(r.v)   is written in series 

v*i rrrs-i 

fnvr 

..o        (2/1+ !)! ak 

Then from the above—mentioned steps of the inverting transform 

we obtain 

**(-')=! 
(-W(ak: «< „ - .>-1 

I ikr't 
(2/i+ 1)! flt   mt0 (n-m)!(/n!) 

r (  )" (25 

.f beginning with Eq. (24), Kt(z,t) can also be obtained, 
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Fiirst/     K ((Tit)    is   r*sv7]T!ittsn   in   ths   SSJTXSS   f O IT T I 

*.(...)-£ (-"•'"''''"•(     ■     , i» I 

There are (n+1) orders of pole points at the virtual axis a=±iat 

of the o—complex plane.  Complete the inverting transform with 

the above-mentioned steps, and the result is 

£. (-mkTtz)"     1 
**(-•<)- L -—1  — S.(fl4r) (26) 

m-0       V"' / uk 

In ths S'^usti/^'n 

S (a-)=y   (~l)"(w + m)l    1   e">'+(~i)«*«*ie-'.t. 
.-o  m!(«-m)!   (2a,z)"     2 (/)"*"*' (26') 

Since there are different pathways of the inverting 

transform, there are quite different forms in Kv(z,t) derived 

from Eqs . (25) and (26).  However, since the field was begun fr< 

Eq. (15), the results are the same.  If we let 
m 

Kk (z,t) =Y,Kl"y(z > t) •   we can obtain the following from the two 
*"° 

equations mentioned above; 

*iD>= — sin(a.r) 

kr't 
^1"= —— [a*-cos (akz) -sin (aj)) 

°k 

(kr't)2      3 3 1 K") = J t -J si« (aj) ~ f ajcos (aj) - — (a^J'sinCa^)] k* 

In the general situation, and in the situation of various 

parameters (a;„,, z , t, r * , k> , by using the numerical dissolving 

method, we can prove that the Kv(z,t) derived from Eq. (25) is 

identical to the Kj,(z,t) derived from Eq. (26).  In Kv(z,t), the 
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expression equation of A^0) not'related to time is identical with 

the results of the invertina transform ^n I->->P "inno=>v- *-M~ ,^r^ = ,-r =.+--; ^n 

kernel Eq. (17).  This explains that both types of Kt(z,t) 

eXpreSSXOn  g'Tn^i'fl-"! nnc  a>-o  nnwont 

The first draft of the article was received on October 22 

1992; the revised final draft was received for publication on 

July 2, 1993. 
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ANISOPLANATISM IN ADAPTIVE OPTICS: 
EVALUATION IN TIME DOMAIN 

Wang Yingjian 

Anhui Institute of Optics and Fine Mechanics 
Chinese Academy of Sciences, 
Hefei 230031 

ABSTRACT In this paper, anisoplanatism in adaptive optics and capability of phase derivative 

adaptive optics are analysed in time domain. The general formulas of residual phase structure 

function and Strehl ratio are obtained, which not only be used to discuss the anisoplanatism. but 

also can be used to analyse the other factors that degrade adaptive optics system performance, 

such as the mean wind velocity and the finite servo bandwidth of adaptive optics system. The re- 

sults show that the capable scale of phase derivative adaptive optics are very narrow. 

KEY WORDS   adaptive optics, anisoplanatism, phase derivative. 

I. Introduction 

There has been much discussion on anisoplanatism in the 

eddy-current effect on laser atmospheric transmission compensated 

for with an adaptive-optics system [1,3].  A new method, the 

phase-gradient method, overcoming anisoplanatism, was presented 

in reference [3].  In the article, the time-domain analytical 

method is aoolied to f urrhp1* r'-' ="»eo t-Vio offoct /~>n nrMnnpno = f-i nr 

efficiency of an adaptive—optics svstew b,r 

ani sool anat i sm  mean wind f\c*~\<^      an^ cirotpm K = P^T.T-I /H-I-I   M^yonnor 

49 



the effect of the above-mentioned factors in ^«= ^^Q„„t- 

and compensation under the phase gradient method is described 

from a unified standpoint of the ti-e-domain (f«m,en„,.^M^i 

transfer function of the adaptive-optics system.  The article is 

the first to derive the general equation^ ~*   +->^ cfr„^„r. 

function of the residual phase with phase co"i"^«Hnr ^r-,^ 

compensation under the phase gradient method.  Next, the trance1- 

function of the ada^t ive optical system in the ^hase gradient 

method is derived in the time domain of the Fourier transform 

time domain.  Finally, the results are analyzed and discussed 

II. Strehl Ratio and Phase Structure Function 

The result of compensating for the eddy-current effect in 

1 a ser atmospheric transmission by an adacfi^-^t-^c e„.f. 

K^ At scribed with the Strehl ratio r & ~* 

57 = 
7r/>: 

rf?A'(p)exp[- — D{p)\ (1 

In   the Tn 31- i  nn 

*(p)=j      * 
— [arccos( —i-L ) _ 

D0 Dn y- . ( Pl^DJ 

(\P\>D„) 
(2) 

is the modulated transfer function of the laser transmission 

system; D0 is the transmission aperture; and P is the coordinate 

difference of the deformation mirror surface in the adaptive- 
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D(p) = D,(p) + Dt(p) 
(3) 

Dc and D„ are, respectively, the structure functions of ths 

fluctuating phase and oscillation amplitude.  We do not discuss 

here the effect on fluctuating oscillation a'w^litude.  The nhase 

structure function is given by 

A(p')=<[A«D(r1,/)-A<I>(r2, r)]
l> (4) 

^^(fit)    is the residual phase of the transmitted li^ht beam* <  > 

indicates the statistical mean.  In the a^oroximate conditions of 

geometric optics, the anomaly phase generated b" atmosoheric 

transmission of a laser through eddy currents is given b" the 

following\ 

A<Mr.O-*LZii[r+(&+r0)/,j] 
Jo 

(5) 

k-2n/X:   is the number of laser waves; n is the fluctuating 

refractivity; h is the transmission distance; "a    is the angular 

velocity of target motion or the wind soeed vector in the 

atmosphere; and vn is the mean wind velocity in the atmosphere. 

As is well known, there is a time lag in the adaptive optical 

system.  Let us assume that the time lacr is At  i-v^ai- i-v.o rvhaeo 

relationship between the beacon light and the main laser with 

comoensation of r-vV-, = c p -ic niirap KTT 

<D4(r,r+Af)=«I)r(r,0 r6) 

»' r indicate, respectively, the phase of the beacon li^ht 

and the phase of the main laser. Therefore durin^ the a^'t-nai 

phase compensation there is a residual ^hase A$ 

A<D(r,/+A/)=cD7.(r,r+A/)-<D#(r,/+A/)=<I)r(r,/+AO -<Dr(r,f)    (7) 

R1 



n^v. 1C?        T.T O IT T) /"\ TAT 

function   of   **^ 

■vnr-f n v: 

)p      vcci /^nal       -r-vVi => C? c:        TO 

D,(p,/)=£2 
dz,    dz2<[/j(r,,/+A/,z,) -/i'(r,,/+A/ , z,) -n(r, , r , r,) 

]        Jo 

+ /i(r2,f ,z,)] x[B(f|1J+4»,z,)-B(r,1/+A/ ,z2) 

-n(r, ,r,z2) + /i(r2,/,Zj)] > (8) 

T.--H 7r7    -r? . With    f nJ.2T t h.£V    Ö.QTX V3. t i. O^        TJC    ^ K -i- o -i -n 

D,(p,t)=k: 

*[-2^.(0,z) + 2Z).(|p|.2) + 2/).(|p|,r) 
- u * -A 

^(Ip + pil.O-^dp-pJ.r)) 
(9) 

In   11*1 s   0^n = +" ion,    p.-f^+rJA», D, (\p\. .-) - C\( illi )(|p|=+z»)^ 

iprf-nrKaf -i  /^7n      ->^ü-F->-o^-h-i  T7-i   -t-Tr iS      thw      S t r U C t U r e      f nnr-f-n ^n     /~\-f      f-Vi^; 

is the structure constant of the perturbation refracti"itv 

Since in the general situation the intearation lir»it of Az»|p"|,</z 

can be extended to  ( — oc , x) r    thus Ec. (9) becomes 

£>,(p,AO=2.91/t3 ^,C;(z1)[2|pr-|p + p,l5')-|p-p'l|"
3+2|p,|"!]  (10) 

In the abovp cmi = <--i «n   , t   ' »  I „,   , .,, 
_.__,    /,(y)=   [(l+*J)'"+(xl)",]rf,*2.91. 

If the phase gradient compensation is applied, we have 

,,(r,,+ A0-«.(.)♦ y*-^<0+*'('+*).^*'(,-A'> a,  (in 

Fro™, Eos . (6) and '5) . w=> r^-n «Kf =.-; r> 

#„,(? . t+ At) -*2®r(r, I) -QT(r, t- At) (12) 
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A<b(r,t+At)=k dz[n(r,t+At,z)-2n(r,t,z)+n(r,t~At,z)] (13) 

Ptr     nen nrr     o     vncf V>A/^      C? -I m -i  ~l  a V*     -h/-\     +- H o +-     menfi /*\nQ/^      aKnTra MC     ran     nKf a n n 
X_*j- «.X^-l-XXV^ <_* xw^.    ._XX WN.X ^   -L.XI.I. _X,   .X-  «_+.L. ^  «^ .-XX^-«.   ._ X ■. I V- i. 4   ^ _L.   ^ X X W S^, <^L *^  ^    V    S_     f r*W >-Ull ^ *-^    »- <-*  -L. * X 

ths   2Tssu 11   t^ist   in   this   co-nsnsstion   sxtTUci^xon   of   th©   ^ h 3 s s 

V^X-^^J-^XX^, ^XX   W ^^X-V-XW^UX-L.^ X_^*XXV--~-L.^XX /^       (p,AM ■'-*-'■»- V^XX^. .UW^.I.SAM.M-L. J-VXXV-XWV- 

Z)1(p,Ar)=2.9U2 <fe,C;(z,) [ 61 p I5" - 41 p + pt P - 41,7- £ |5'' 

+ I p + 2p, |"5+ I p-2^ |"J+ 81 £ |! ]-2| 2p, |5J] (14) 

In   ir 1*1 s   follov7xn/*T     T*JS   sr?T^!LT7   tins   t x — s—clo™ 3 x n   PoTj.irxSxr-tiirsnsfoix"^ 

Tigf KQ/^   / ae   ^0C^V*T_]^)O(^   n_n   xTsfsirsnc©   ^ 2 "^ ^    foiT  nroc6ssinrf     txxS"*"   is 

Or(r./) = j rfr<I>r(r, f )exp[ -2nifi] (15) 

f 3.S the coniuoate variable of the Fourier tran0-^©"1^ — fo^" ti^is t. 

(j) (r,f)   can be used to describe the following relationship: 

<tft(r,f)=H(f)^Tlr.f) (16) 

H(f) is the Fourier transform of the time-domain transfer 

function in the adaptive-optics system.  With processing similar 

to that mentioned above, the general equation of the residual- 

phase structure function [2] can be obtained: 

v w % 

£>,(p) = 2.91A-       dfdtdz,\ I-//(/)Fexp[-27t//r] 

1 1  ,-.   ^ 
•C;(r,)[^-|p4-p,P'+Tlp-p,|"-|p1'" (17) 

In   the   phase   compensation   situation,   from  Eq.    (6)   we   know 

H{f)=cxP[-2nifAi] (18) 

Let   us   substitute   Eq.    (18)    into   Eq.    (17)   and  we   can   obtain   Eq. 
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(10) .  With respect to compensation under the phase gradient 

method, from Eq. (12) we can obtain 

<D, {rj ) = 2H(J )<PT(r,f ) - //:(/ )<t>r(r.f ) = Hs(r,f ) 

that is,, during compensation under the phase gradient method, the 

Fourier transform of the time-domain transfer function in the 

adaptive-optics system is 

H,(f) = H(f)[2 -Hi/)) (19) 

Thus, let us substitute Eqs. (18) and (19) into Eq. (17), and we 

can very easily obtain results similar to that in Eq. (14). 

III. Discussion 

From the foregoing analysis we know that Eq. (17) is the 

general equation describing the structure function of the 

residual phase for the time-domain error in the adaptive-optics 

system.  More detailed discussion [2] was conducted on the effect 

of anisoplanatism in the situation of response bandwidth and 

phase compensation in the adaptive-optics system.  Here we 

discuss mainly the difference of the effect by the atmospheric 

mean wind field and anisoplanatism in phase compensation and 

compensation under the phase gradient method.  Furthermore, we 

can know the adaptation range in the phase gradient method. 

3.1. Effect of Mean Wind Field 

When  0 = 0, pj = v0A/ , since the deviation of the transmission 

channel of the main laser and the beacon light due to the mean 

wind field will bring errors into phase compensation, and thus 
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reduce the Strehl ratio, we first analyze two extreme cases. 

When \'pJrQ\«DJr(j from Eqs. (1), (10), and (14), we obtain 

the Strehl ratios St and St.. of laser atmospheric transmission of 

phase compensation and compensation under the phase gradient 

method, respectively, as: 

5r=cxp[ - 6.881-£*-15'1] 
r» 

5/, = exp[-5.6761-^-|5'3] 
(20) 

In the equations, r^ is the transverse-direction coherent length. 

From Eq. (20), then we can see that compensation under the phase 

gradient method is better than phase compensation. We define it 

as follows: when the Strehl ratio is reduced to 1/e, 

lp,l is the isoplanatic length. Then in the situation of 

phase compensation and compensation under the phase gradient 

method, the isoplanatic lengths p5 and pn1 are, respectively: 

p0 = 0.3144r0 

p„- 0.3528 r0 
(21) 

We know that the isoplanatic length with compensation under the 

phase gradient method is 1.122 times the isoplanatic length 

during phase compensation. 

When  \pJr0\»DJra   ,  that is the case of entirely different 

optical paths for the beacon light and the main laser, then we 

have 
D,{p) =2x6.88|-£- |J» 

D, (p) -6x6.88|£ R (22) 

However, the phase structure function without phase compensation 
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is 6.8 8 lp?r,|"J , then we can see that the phase compensation is 

not worse than in the absence of compensation., and compensation 

under the phase gradient method is even worse than phase 

compensation.  In other words, applying an unrelated phase for 

compensation in the present transmission situation is even worse 

than the absence of compensation. 

For the general situation,, from Eqs . (1),. (10), and (14) we 

can obtain 

Si- 
KD, 

SI,= 

dpk (p )cxp{ - 3.44[ 21 ^-|"3-! £±£i- |J/>-| IZLL |3/J+ 2| £i_ n 
ro ro rt r, 

dpk(p)exp{ -3.44[6|-^ |"5-4| -£±ÜL |"J-4| l^Ii- |" 
Kt>l J 

(23) 

Fig. 1 shows the comparison of the Strehl ratio for 

atmospheric transmission of a laser in the presence of eddy 

current during phase compensation and with compensation under the 

phase gradient method in different situations of '|p,/r0l  : 

a, b, c are the results of phase compensation ; d, e, f are the 

results of compensation under the phase gradient method. 

a.d:|pl/r0|-0.1;b.e:|?1/r0|-0.3I;c.f:|?I/ri|-,.o..  From Fig. 1, we can 

see that the results of I pjr01« DJr0     and |^/^ |» DJ ra    are consistent 

with the results in the above-mentioned analyses.  For different 

|pi/r0!  , there is a critical Dg/r0.  When D0/rö is lower than the 

critical value, in the case of compensation under the phase 

gradient method the decrease in the Strehl ratio with increase in 
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Fig. 1     Strehl ratio vs DJ r, at different Ipj/r,! 

with phase and phase derivative compensation 

Fig. 2   Streh! ratio  vs DJ r, at different 0/0, 

with phase and phase derivative compensation 

Dfl/rj is more rapid than that under phase compensation, and it is 

smaller than the Strehl ratio in phase compensation.  When Dr/rn 

is greater than the critical value, in compensation under the 

phase gradient method the Strehl ratio more rapidly approaches 

the limiting value; this is the result shown in Eq. (20).  Then 

compensation under the phase gradient is better than phase 

COmt5^n^3l""!r>n Mnronnor T^T-I-T-VI      innvpaeü      -i-p I "^" / ..   I 4-Ho      /-*-v--i4--i^-<=il v^win^^-iA^^i-j-wAi. IAS^J.WWVV-*-, fix  Lii       Xii-^j-CT^^-w        xli iPi/'nl ' ^ *x--        --J ».  ^ ... *, ^ _i_ 

value of Dn/rn is higher.  The physical reason is as follows: on 

the one hand, when  I p,/ r0!   is a constant, with increase in 

Dn/rr,, the residual phase is greater in phase compensation and in 

compensation under the phase gradient method; thus, the Strehl 

?~3t"io     ^pnrpaepe     T-T-1  f-Vi      -j-n/-*v-p=ac!£i      in     TV / v- . On      -HHo     r\ -hl-i es >-     Ka-n/^ T.TVI ö -n 

Dj/rp, is smaller, with rg held constant,  lp,/rj frppf or    an/1 

lli/D0|  is also greater.  The phase relationship between the 

V} P ?3 C O ?"!      1  -i rr]-.f-      3 "P (^      t^P     rn3"1'ri      Ipcav     no     rr\r\y c*     A e* +- <=s y- "i r-w* a +■ o f3 f hue     r-i *~i +- *-'  v—  "—*  *--  N-» ± ■•■ -i-   -4- N»J  A X   I— \_<*. .1 i. VA ^ J. 1 V_» All t_l ±11 _i_  t* *_»  V* J_ ±. hJ ±11 «^/ J_    ti Val \ü    ^- \-^ X.    -X.  V/ J_    \_*   t_- V^. \J.    J V» X X >—X k-» X X ■•_/    ^ 

only is the residual phase difference greater under phase 
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/-< r\mr-\;nn c? a +- -i nsstion  and the correlated ^^^o^ H-I -F-FO-V-O Ci >~ o ri ^-< ^     n m      ^^mr^ gncatl  r>n 

under the chass gradient method is also oreat; THi +-v.£ 

TV-, S t r e h 1 ratio decrease0 vif-1 ir/iro = ce -in  I /?" / r l 

causes compensation under" the nh3ss oradient method t^ b 

than phase com^ensati^1"! 

i c  a 1 o r\ 

<=l   T.T ^ >- C d 

When  v0 = 0 and  öVo ,   there is an included angle ^~l~0lAr 

between the beacon light and the main laser.  This alc" i^-i i i 

engender an error in the chase ccT?D8ncaf'i"'1   cimiiaviv -,*&   ■F-iv~c+- 

ctreme c = <^^c 

When  o«Dlh    ,   from Eqs. (1), (10), and (14), we obtain the 

result that the Strehl ratios St and Sti are  resnsctivel" 

expressed in Eq. (24) and in phase compensation under the ^hase 

analyze   *~ w ^   ^ v 

5; = exp[-(-|- )"] 

■S/, = exp[ - 0.825 ( ~ )5<]] 
(24) 

Wo v o P\ 
r   ©fi  is   the   is op Ian a t ic   angle   [2]    in  phase   coninsnsat i< 

ö0 = [2.91A-: d:zyiC:{z)] (25) 

ie   that   ©   is   the   isoplanatic   an/~rl e   0ft1   when   th$ 

S tire hi   iratic   decreases   to   l^e   in 

gradient  method,   then  we   have 

r* nmn pncaH nn     un^DV     +- "H ie nhaco 

Ö0l=l.l220n 

We can see that the T e^niamaf /-tr-wmr-AO-nc? :a +- T r\Ti  i 
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ohass Gradient method ic, 1 1 ?*3 4--imoe -t-vic- icr,ni3n = t--i ^ an^icj im^o- 

phase compensation.  However, when fl •» ni h there is ths »CIV-Q  nc?  r he o -i m-i   lav- 

or 

result as in Eg. (20) .  In other words  the ^hase compensation is 

worse than in the absence of cornn6ns3tior  an*^ rfAmnoncaf -i r\n   nn/i 

the phase gradient method is even worse than ohase compensation 

In the General situation, from Eg. (1)  (10)  and '14^  we 

calculate the Strehl ratio in phase compensation and in 

compensation under the nhssp rrrad-ipr!l- »pt-hA^ fnv ^H ffpvont- o/o. ■'r under the phase gradient method for different 

values.  The results are shown in Fie. 2a  b  c  as the resul*"0 

in phase compensation; d, e, and f are the results in 

compensation under the phase gradient method.  a, d :0/Oo = O.5; 

b. e : 0/0a= 1.0 ; c> f: 0/00 = 5.0   •  The calculation condition is that 

there is the horizontal homogeneous atmosphere.  With respect to 

an inhomogeneous atmosphere, the results do not intrinsically 

differ.  From Fig. 2, the fundamental result is similar to the 

effect of the main wind field. 

From the foregoing analysis, only in the case when there are 

smaller  Ipi/'gl   and 0/©r,, and Dg/rg is greater, the compensation 

under the phase gradient method then be better than phase 

compensation.  From Figs. 1 and 2, we see that when 

'Pi/r0\    =   0.1 and 0.31, as the phase gradient method is better 

than the phase method that the critical values of D0/rG are, 

respectively, 20 and 55.  When 0/0o=O.5 and 1.0, the critical 

values Dß/r0 are, respectively, 30 and 70.  In the case of even 

smaller 0/Go and  lp;/r0|  , there is very slight differences in 

the effect on compensation under the phase gradient method and on 
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phase compensation.  With the greater  |p/r|   and G/0r, in the 

effective range the phase gradient method does not have 

superiority.  Even when Dp./r- is much greater than I'pJrJ       , or 

D0/r: is much greater than Q/G,., the isoplanatic length and the 

isoplanatic angle in compensation under the phase gradient method 

are only 1.122 times the isoplanatic length and the isoplanatic 

angle in phase compensation. 

4. Conclusions 

By using the time domain analytic method, the author and his 

colleagues obtained the general equations.. Eqs. (1) and (17), of 

the residual phase structure function and the Strehl ratio in the 

effect of an adaptive-optics system during anisoplanatism, mean 

wind field, and the system, finite bandwidth.  The results are 

consistent with those in reference [2].  The effect on mean wind 

field and anisoplanatism in phase compensation and in 

compensation under the phase gradient method are emphasized in 

the analysis.  As revealed in the results, when  |J/,+ „ |Ar«Z> 

the isoplanatic region compensated under the phase gradient 

method is only 1.122 times the isoplanatic region compensation in 

phase compensation.  However, when   Iü/I+KJA/   , the phase 

compensation is worse than the absence of compensation, and the 

compensation under the phase gradient method is even worse than 

phase compensation.  For general cases, even as the Strehl ratio 

in compensation under the phase gradient method is several times 

greater than that of phase compensation, but then the Strehl 
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ratio is considerably lower than the actual requirement.  We can 

see that the compensation of the eddy-current effect in laser 

atmospheric transmission is not very effective under the phase 

gradient method.  Even to a certain extent, compensation under 

the phase gradient method is better than phase compensation, but 

the effective range is very narrow, and the extent of improvement 

is also very limited.  Moreover, there will be greater complexity 

in the adaptive-optics system, and higher computation volume in 

the wavefront processing. 

The author expresses his gratitude to researcher Song 

Zhengfang for valuable discussions during the writing of this 

paper. 
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NEAR-SITE VERIFICATION OF TESTING POWER 
OF GROUND-BASED HIGH-POWERED LASER 

Li Bin and Du Xiangwan 
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ABSTRACT   The verification of testing power of ground-based high power laser is an impor- 

tant physical problem in arms control. In this paper we propose a scheme to measure the scat- 

tcnng hght of laser beam in atmosphere by multi- detector. The optima'l detective parameters are 
calculated and several algorisms to evaluate the laser'power are'studied. 

KEY WORDS   verification 'of laser power, arms control, scattering by aerosol. 

I. Introduction 

The firing level of high-powered laser weapons is directly 

related to the power of laser devices.  To prevent further 

development of high-powered laser weaponry from becoming a threat 

to space targets and to inhibit the arms race in space, 

scientists proposed the concept of limiting the development of 

laser weapons by limiting the power at which lasers can be tested 

in the atmosphere [1].  This requires an appropriate method of 

evaluating laser power in testing.  Although it is convenient and 

effective to directly measure laser power in laboratories, such 

evaluation schemes may be difficult to accept by those under 
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inspection.  Therefore, a method should be found to estimate 

laser power from a certain distance.  T. H. Braid [2,3] proposed 

a scheme to estimate laser power by measuring the aerosol 

scattering light in the atmosphere.  Under the assumption that 

scattering is isotropic, Braid et al. also proved that the 

scattering light for a laser beam capable of attacking targets in 

outer space is very intense.  There is still a very high signal- 

to-noise ratio detectable beyond distances of 1km.  Therefore, 

this evaluation scheme is feasible. 

Actually, the aerosol scattering of laser beams in the 

infrared band is anisotropic; the difference of light intensity 

at different scattering angles can be assigned in three orders of 

magnitude.  Since the direction of the test laser beam can be 

randomly varied within a certain range, the scattering angle also 

changes from, laser beam, to sensor.  Therefore, the power of 

scattered light received by the sensor is also variable so there 

will be great error in estimating the laser power based on this 

approach.  To reduce the estimation error engendered by uncertain 

laser beam direction to meet the requirements of evaluation, the 

authors proposed a scheme for detecting scattered light with 

multiple sensors. 

During target practice tests with lasers, the target can 

also be used to evaluate laser power from the diffused reflected 

laser light.  The evaluation method discussed in the paper does 

not include this case. 

63 



II. Fundamental Principle 

Usually, the atmospheric transmission and the comprehensive 

demonstration tests of laser weapons are selected at sites with 

good meteorological conditions, conducted on sunny days with 

higher visibility.  Here, laser beam transmission over thousands 

of meters will not suffer from obvious attenuation.  Moreover, 

the function of multiple scattering can also be neglected.  The 

sensors used to monitor laser scattered light is in the order of 

magnitude of approximately, in distance from the laser beam, in 

the range of kilometers, much greater than the laser beam range. 

Under these conditions the power of laser scattered light 

received at the sensors is: 

PD=P\ß(r ,8)cosaSdl/D2 (!) 

In the equation, P is the laser beam power.  ß(r,0) is scattering 

coefficient of the volumetric angle at point r with scattering 

angle Ga.  a is the incident angle of the scattered light at the 

sensor.  S is the sensor area.  1 is the distance along the light 

beam from any point r to the light source.  D is the distance 

from point r to the sensor. 

Within the range of thousands of meters near the ground, the 

aerosol particle size distribution is almost constant, with 

concentration gradually decreasing with height h.  Therefore, the 

scattering coefficient of the volumetric angle can be expressed 

as : 

/?(r,0)-0(0)exp(-~ > (2) 
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In the equation ß(0) is the scattering coefficient of the 

volumetric angle for the aerosol on ground level; and Hc is the 

datum of the aerosol [4,5] 

//,«1.4km    ;v. (3) 

Hence, 

P.-PsjßWcxpi-JLi^Ldi (4) 

If the aerosol particle size distribution in the laser beam 

direction as well as the sensor position and direction are not 

changed, then power Pr, of the scattered light detected is 

proportional to laser power P.  By using a laser with known power 

as a scale, laser power P can be estimated based on scattered 

light.  The uncertainty of laser beam direction will cause errors 

under this estimation method.  The estimated related error is 

correlated with the shape of the scattering coefficient ß(Otheta) 

of the volumetric angle.  Fig. 1 shows three typical scattering- 

angle curves on sunny days [6].  From Fig. 1, we can see that 

this scattering is anisotropic. 

III. Evaluation Scheme 

Along the circular circumference at a distance xr, from the 

light source to be evaluated, several sensors are placed at equal 

spacing along the circumference.  And each sensor is facing the 

direction of the light source.  The elevation angle of the sensor 

is y.  Its longitudinal-direction opening angle is w; its 

transverse-direction opening angle is 180°.  So, the angle of 

field-of-view is u x 1802. 
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Fig. 1    Angular scattering functions of water 
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Let us assume that the position of the laser light source is 

at the origin of coordinates.  The connected line between the 

light source and any sensor i is the x-axis.  Then the 

coordinates of sensor i are (xc,,0,0).  Assume that the pole 

angles of the laser beam are (0^, #t),   then the coordinates of 

any point on the laser beam are 

(/sin^cos^, /sinO^sin^./cosO.,)       .  The height of point r is 

h = lcos0m tr\ 

After calculations, the distance from point r to the sensor 

1 is 

D=(.t;;+/:-2A-o/sin0mcos(pJ"
2 (6) 

The scattered angle from point r scattering to sensor i is 

(7) 
cos0= -yinö^siiKp.,-/ 

(*l+ 1: -2.xnsin0„cos<pmy
i2 
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The angle of incidence of the scattered light onto the 

sensor i is 

cosy (x0 - IsinO^coscp^) + I cosOm siny 

(.Y-+/:-2.\-0/sinö„,cos<pJ' : COS0!=  —; - . - , , ■ "I r=  (gj 

Since there is a certain limitation at the longitudinal- 

direction for the field-of-view angle for the sensor, points of 

too high and too low on the laser beam are situated outside of 

the field-of-view angle, therefore light passing through these 

points cannot reach the sensor.  By calculation, we know that the 

lowest point capable of reaching the sensor is 

/   = — -h  mm  / y v 

cosOm+sinOmcos<pmclg(7- -y- ) 

the   highest   point   capable   of   reaching   the   sensor   is 

roc , ScosÖ„+sinömcos<pmctg(y+ y )<0 

mil | Y { -h _ t 

cosO„+sinö-cos<p„ctg(y+-y- ) and   others (10) 

Let us substitute Eqs. (3), (5), (6), (7), (8), (9), and 

(10) in Eq. (4) and we can calculate that the scattered light 

power, which can be received by the sensor i is 

PD.=PS\   /j(0)exp(~A- )^-dl (II) 

A calculation was made by the authors by using an example of 

a 1km distance between the sensor and the laser source, taking 

.r0=lkm (i2) 
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V. Power Estimation Method 

Based on Eq. (11), we can determine the scattered light 

power measured for each sensor.  When the laser beam direction is 

upward, the scattered light power measured bv each sensor is the 

same.  When the laser beam direct"'^^ ^l-ian/roc  ^r^r-,^v- = i i IT cr^=,i,--; n/r 

there are different scattered light power values received at each 

sensor.  The authors tried three algorithms to a,7oy"="~r= +-VIQ 

scattered light power received by each sensor.  Then the aver 

scattered light power is used to estimate the laser beam r 

v- 3 n a 

(a) Arithmet"* ^ rn^^i-n 

PD=-(IPD.,) (13) 
Tn -i-H ie equation, n is the number of sensors.  P^ ■ is derived fron 

JT/-T _  (11). 

(b)       POSf_c?"' ^^^"•i nn      3T7Cä>-a^£i 

Resovs the maximum and minimum power of tKci C^ = +-I-Q>-Q^ 1,-^t- 

just measured, the arithmetic mean is found from the remaining 

( r\-0 \     A q +- =, • 
\AX  *j/   wa i-u . 

—        1 
[ S^0.,-max(/

>
0i/)-min(P0/)] ,/2>3        (14) 0 -1 

'-' 

A certain order of power of Pn ■ is used =»■= ^^ ™Q-; ^v»+-n T^ 

factor, therefore this can also be called the oower-based 

a ■y ö v* a /-r g * 

{ii^r Po-\ — Ln.i    ■ (is) 

In the equation w is a parameter that can be used to calculat o  3 -m 
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After not a 1 c n a period (l^ec +- v» =* ^ IHI K c= -F r\ -^ ^ a-n^ P-F-HCI>- -t-v.^ 

laser* tests in the atrnospheire f o IT the evaluation  a 1 a e e "*" V\o»m 

with known power P* is vertically efitted fro^ the laser li^ht 

irce in order to scale the system.  How  the now« "TCPpi T7£ü/' 

a"h oa^jn sensor" is *" ^ Ü       c 3 wo TVs o      f A!  1  r\Tj ü     ncQi' 

r-\ f-\UT & r 

''-A (16) 

Tn      -j-Vip      prtnaf-i nn lP1 n, ip  is given by Egs  (13). (14). or {15"* 

The estimated laser power P' may not be definitely e"ual to the 

actual laser power P.  The estimated relati T7C  Qwnv-  -1 c? 

e= 
p'-p 

(17) 

The estimated errors from different laser beam directions 

«P. : \       ai^o  r")/~\+-  -f- Vi e saine.  By chancinc the direction v ai 

fxeld~of—view ancle of the sensoir  the e JT r* o IT val 

change.  In other words, € is a function of   0 0  »y 

'■Ji,,,;'1l','!.v-* 

nac  Mi ! I  a I c /-A 

«-«(o.if-irw;^;- (18) 

We assume that the included angle between the laser beam an^ 

the vertical direction does not exceed 60" because the distance 

of a laser beam oassina throucrb -t-Vio =>i-rn^c-rs>>ay-e>   ie o ov^üaric cn> 

•Vh is   maKes   it   disadvantageous   ^ >■* >~   =s   l => o o v-   Koam   +• /"«  Mace +■ VlV/ 

the atmosphere.  The authors reguest that the estimated errors € 

of all possible laser beam, directions and nowsrs CVIAHI ^ K^ => = 
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small as possible.  Therefore, the author defined th^ 

for      thS      lsS8r      K^am      A -I  ir cs r< +- -i  /-\r-i        ( P\        *     ) 

mpan      Qi-TAf 

E(-/,CO) = 
1 

.«■        -JW 

60° x 360° 

.«r «JW-^.vi ..... -1/2 

d0m\ fd<PJ?Wm><P~\ V- w) (19) 

The minimum value is to be souaht. for the ~^ar; ^rv-^>- 

min[ e(y ,cu)] (20) 

We can obtain the optimal detection parameters v- ar^ (0- 

well as the diameter w*   "■" ^^  M R \ 

V .    Results   of   ^ a T ^ n T = +■ 1    /~1T-1  C 

For scattering-curve angle I, three methods (a), (b), and 

(c^ are used to estimate the power to separatelv derive three 

sets of the optimal detection parameter y, and o- . as well as the 

parameter w- in Eq. (15). (refer to Table 1) 

Fig. 2 shows the relationship of the variable estimation 

error e with <t„  when using method (a) of the arithmetic mean for 

eight sensors, when u=0.001c, cx=63.5:, e„=60\. and laser direction 

varying from 0: to 360:.  Fig. 3 shows the relationship between 

+■ Vi o  moan  a v- -y~ r\ v and the detection direction v  T.TV,-;!^ =Hnni-^nrt 

the averaging method (a) with eiaht detectors and d)=0.001:.  We 

n see that the optimal detection direction v-=c^ R" r* o 
T7n rr A 

\ean error T     and the field- shows the relatiorshio between the 

of-view angle when the method of averages (a) is used with ei^ht- 
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Fig. 2   Error varies as the angle of laser beam <pm 
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Table    I    Mean Errors and Maximum Errors 

Errors for Angular Scattering Curve   1 
number of 
detectors 

(a )arithmctic average (b)avcrage after choise 
(c)weighted average 

n 
V=63.i ü> = 0.001 

maxU ) 

7 = 65.0" , cu» 0.001" 

7          1      „„.,., 
vi' = 0.441 , >■ = 40.9" ,co -0.001° 

I 1.026 10.71 - 
r. 

1.026 

max (r.) 

10.71 
3 0.238 2.902 0.482 1.000 0.399 
5 0.169 1.636 0.203 0.483 

2.122 

0.0972 0 480 
8 0.123 0.945 0.1 16 0.324 0.0302 0 138 

12 0.110 0.644 0.0636 0.148 0.0226 
20 0.107 0.494 0.0465                 0.196 0.0196 0.0743 

Errors for Angular Scattering Curve fl 
 .  

1 0.567 1.377 - 
0.567 1.377. 

3 0.349 0.619 0.448 °967                      0-30. 0 765 
5 0.341 0.652 0.355 0.738 0.182 0.429 
8 0.340 0.472 0.347 0.627 0.180 0.423 

12 0.340 0.644 0.339 0.547 0.179 0 364 
20 0.340 0.462 0.332 0.497 0.179 0.352 

1 0.971 

Errors 

5 "> 11 

for Angular Sc ltlcring Curve 1 1 

3 0.178 1.077 0.479 1.013 

0.971 

0 217 

5.231 

5 0.123 0.540 0.211 0.486 0 168 0 4^1 
8 0.0878 0.245 0.126 0.453 0 168 0 430 

12 0.0866 0.218 0.0702 0.132 0 167 
20     r 0.0865 0.225 0.0540 0.0961 0.167 0.391 
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