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5. 8.
6. filtter ; 7. screen | ; 9. pertubation source ; 10. thermal = blooming cell
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L1, 16. beam spliter ; 13.sereen 2: 14. CCD camera ; 19, He— Ne laser
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Table 1 Comparison of the small - scale instability increasing
under different experimental condition

power/ mW Pcru-xrhation Tm(D - K s [- \/—_—gt/cm sr‘nall-si:a[e
period/cm ‘ ! N, instability
No. 0 366 0.0864 0.234 797x107 obvious
No. 1 184 0.154 0.742 1.12x 102 obvious
No.2 594 0.069 . 0.149 6.25x 107 not obvious
No.3 73 0.154 0.742 1.78 x 107? not obvious
No. 4 594 0.108 0.365 6.25x 107 obvious
1.6
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A scrics of spot pictures taken at different time (a) ~ (f) £=0, 60, 120, 180, 240, 300ms
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ABSTRACT Through actua! atmosphere. we have measured atmospheric transmittance for

1.3154m lodine laser. With medium visibility. relative humidity 64% and 21T , average valuc of

with computation value

identical

is fairly

result

atmospheric transmittance is 0.78. This

obtained by existing data and computer program.

KEY WORDS icdine—laser, atmospheric propagation, atmospheric tranmittance.
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ABSTRACT Thermal blooming induced by aerosol is discussed in laser beam propagation

though atmosphere. We give the effective absorption coeflicient a,,(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,,(1) dependent on time. The delay time ¢,,

when the «,,(¢)arrives at the maximum value, is dependent on the radius of acrosol.

KEY WORDS acrosol, high power laser, thermal blooming. effective absorption coefficient.
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ABSTRACT The linear analytic theory of small scalcfsize thermal bloomin

is derived in paraxial scalar wave

isobaric supposition. When we perform Fourier transforms in transversal
iplace transforms in time and longitudinal coordinate, the fluctuations can be

obtained in analytic form. In the real world the Fourier Lcomponcnts of the fluctuations are written

high energy laser propagating through a homogcnebﬁs medium

approximation and

"
-

coordinates and I

with the propagation kernal (or Green function )

K, (z,1), afer the inverting Laplace transforms are

performed.

instability. propagation kernel.

.

—size

KEY WORDS thermal blooming, small scale

Introducticn

.

I

ri

r driving source w

lace

the

of

[S]

ac

ity or in ph

)]

-

i

inte



u)
-ri
3

)

™

—

u)
O

o
hy

@)

o

-ri

T
Q
~rd

o

-ri

ri
Y4

@

)

O
ord
1%
W3

O
u)
-ri

]

o
)

“

H

ori

0]

«ri
.
3

)

<

)
"
b

o]
-4

~

i
P

o
(0]
o
)
-3
—i
Q
[0}

Re)

as

—a

(9]

—

-
™

—_

ori

as
[¢)]
D

-
-

-ri

@
&}

e
3
iV
0]

0}

ord

-
1S
6]
v)

T

(€]
)

-
<

b
rd

o)

o}
-ri

"
.

.

-

-rd

0]
o)




o r
+)
ri Q
° o)]
=] S
+) 0]
(&) Kol
=3 4]
e}
£ i
O a
O O
O -ri
+) 8]
0] +)
o O
o) 0]
(D] i
3 0]
3 (0]
+ L3
ri =
=
@] O
ori s |
+) @]
(5 a3
o >
o))
O] o
£ -rd
o
(0] ™
o +)
-
0] 3
=] -rd
+)
H 8]
3 o3
i T
T £
0] (o]
: §)
O
3 +)
O O
i £
+) o)}
a3 a3
o)} i
a
£ (0]
O +)
S|
[oN -1
(0]
0] -3
L1 o)
+) ]

0]

)

ori

(1)

)}

¢=Eexp {i(wt—k

O
-ri
i)

(0]

(0]

(2)

1)*E=0

E+2ik (2 + B ypa( &
oz 2 g,

-

VI

A is the wavelength of

-r

ori

ummation of the absorption coefficient &, and the scattering

[~
-

e

id

+
-

of

4

ity

v

racti

and the background ref

-

The energy con

the

In other words,

a

o
(a4}




G
=

4
4

i

(3)

n

d
—_—tv

. Vn= =TI+ DV

!

0]
+

0]

-ri

-rd

£

=rd

o

(4)

I'=ca,

w

ori

L2

&}

), (6T)

¢

(¢ény

Cy

0]

-

[0}
-ri

£2,

Q

)
u)

@]

el

-~
<>

0)

-ri

u
ord

4
ori

-ri

(4.1)

=I,(1+F)
=@~ 9,

— —_
oo
<t A~
e N
L4

g
+

d

=

N

[

(@]
<t




(5)

—ip,)

F
2

ip,+

-l)

of

iaticn
n,

varla
": —— z

=EJ1+F exp(i(@,=9,)) = Egexp (
the

E

o
fx]

O
)
£
ard

—~

<H

~—

(6.1)
(6.2)
(7)

(8

0

V: F)

Vi F)

Y

1

1
ak

4k’
scale

(u+

1

——k‘vj_‘Pn

2

a
T~
By

=k(u+
+V
nal

0'F

oF
0z
az
0z

f9,

U}

4
-

mount and Pro

A

i0on

a




o

ﬂ=JJf(x syJexplik - r Ydxdv/(21r)

.

-

-

Fo=kup,

+a;

0

8*F,

(10)

= =I"F,=Dip,+ iv - kp,

cu,

at

e L
- ATLV

k

(1)

2]

-

[od]

a, =

I" = r[o/ ny

=0)=F,(0)

F (t,z

/(0)
(z)

(t,z=0)=F

/7
&

F

0
&

P (z01=0)=p

I (0F, (0)+F

/
k

-~

2
k

Y+ Tk

(0))

c°+a

(13)

(o' +a;)+ Tk

v

k

S

2
k

e =

vi(e'+a

aF (0)+F

(14)

(0)

’
k

¢ +a

]

Y+ Tk

'k’
(o’+a;

v

(1=

X

0+

Y+ &

N
2
k

v (6’+a

k

F

e

(]
<




-

v =v—ik-v+ Dk

e
(15)
(16)
(17)
d
(18)
(19)

4 /\, Qv
3 ~ [0] o~ 1
o N o P ey
w <r 3 — ~ .
O - ™ . o0
O b [0} - i %) H
o & - o ~ ~ ~ o ed
Yy H +) ke —_ [N = +
)] O . “ - 0] PN Nt
) 4 ri [} 3 a ¢ [N | " o o« 0 (o]
» +) ﬂm &) h“ .o ) Nt &« 1} +
: R e & e
U ) O a3 s v ‘i + wr .. [} +) +)
o a 9] 1 a3 -1 - a 1N » ord @)
i 3 ja v o~ 0] L 2 3 + 4 + ]
o +) +) ¥ = nhl. NI. . o) — 1 £
a 4 (o] =3 N [0}] () ~ = Yy © w
ast 0] IS B ) o + Lt — e o -3 O
o ) o} L4 o) - ~ 9 o o o ~ o ~
0] . 0] m: =3 () il RO Q) O m o
» e Y 2 4 o ¢ s 4 3
T oog & o L : 0 _ ﬁ 3 0 w B
) as . 3 B (@] o [ [ oy W = Wi o 0 o
o ¢ o 40 P ) ¢} b . + ) poy = w 3 =
— i U} o o [ > - & e S« I o|+ ) .
) © a3 + 0} ¥ + b £, . 1N a3 o 3
G = $4 [o) 0O o il i 4 Ll < L & ; - ¥
+3 o Q Y4 o)} — — (1)) [ . ES) i N le)
» 0] O +) 0] a3 > > I ~ = o ol Yy
£ : o - £ 3 0, - - ~ o Qe i o I 0 w
R B VI e A ¢ ) ° ) Q) ) — 3] o o -
£ o 4L H u ARy o =~ Y © " Lo <
4 4 W g e Y « « + 1 P a 4
) (e} [ b Q) g U X a3 0_k ﬂ » £ ¢ ~0vAk =3 +
o FM o m cw o 9) __u ._. o__.. .w ~uw % m mw o
kK u ¢ o 3 4
g 0 0 e e e ! -3 A (I O
o s o + e 4+ ] ~< Q T ©
O 4 4 o 4y & [¢) & az I 3 @ i
- P v = 0 v~ ) . T ) ] 0,
— 4 ) B ~ [o} [D)] ¢ O [6)]
o) @) -3 3 £ ¢} as w -ri w1
oy o Y44 Y4 O - Y4 19 | 1)
IS ri QO i o) o - 1 @
1 +J [0} +) o @ Yy @ © OW
-3 ¥ L 4+ 3 s ) 2 )
£3 ] + Q £ 4+ | 4
b (] ord +) -4 [} )]
o) (2 T B~ - 4 >0
. (O I B ) (] = 0
3 ) 0} ® Kol Le]
— (0} rd o2 S as o
e [ 0] T ~ e
W ¥ 0 g 4 o) 0
o o R £ £
+ ¢]] (0] 0] &} )
3 s ~ 9] ()] . Q —
3 -ri Yt 4 0] (o] o a3 [0 ]
Q0 ] Y-t @ b E+ 0} +) &) ] =3 = i
! R R G g P00 0
~ 103 T [ 3 o [ — + el
02, = [ £ . Q< o H
5 QW O “ U N L0000 1 Q [

® o0 o0 1w — N MO 0




o

—i
s
-rd

-ri
N
3

i

[0}

4
<

4+

Q
)
(0]
O
-
Lol

-

-r

[@p]

ri

N

4y
le)

@
1
a3
Q
-
T
s
crd

10}
O}
i

ord

—i

a3
-
1)
-ri

"
i

-

o

0]
.
(1))

a3
@]
-ri
o]
3
-ri

-ri

rd

-r1
Y4

o]
a
)
o)}
rd

0]
o}

m

0
[oR
o

<
~+

0]

"
4

-

-ri
)
as
el

@]
4
£

o
~
+
5.
~~
E R
- ~K
q~ ~ ~K - °
" L
~ ) H H .—l
' L. B L
noo | : !
¢ ~K.l l= " "
o ‘i e g
N —

£

-

o
3]

(0,1)] (21)

(0, 1)

k

(z) =T [K[(z.1)F,(0,0)+K,(z.1)F

0
k

w(z,t)=L, (z,1)u
F(z,t)=KK, (z,t)u

7
k

F

(z2)+ K} (2)F,(0,1)+ K (z)
(z,6)F, (0,8)+R,(z,1)

1]
k

(22)

(0,1¢)

’
k

F,

I
k

+K

[}

)

“
4

-rd

<H




M 0 a
» ) £
- 9 4 O :m 2 3 2
I i 5 o S o 3 ;
= e} o) ¥ o £ s .. _
T, 2 o S “ 3 : c
o ) — +1 m“ .m <@ .mw &mc i £ - : 0
s 88 8o 10 F o 4 o & R
g g o g oo n 3] b o > s @
[ T ri ) 9] a fod & € 9] i > y a o
G : ; g o M 4 = 3 o ) © @ v QO £
o o 9 § a o o, 0} (¢] o Al o k4 . - ~ fe) a3
: 4 : g 5 § o T 4 D o - ~ L™ -1
T IS 3 5, o~ 8 0 O g oBom ® -
g 0 = g ~ > w 205 858 ©® o0 0 4. . -
- 4 3 4 . ) ~ o 1 1) " s ;i 0
s + ot 0 [ ~ ord ~ ) M ~ o 0]
b 2 | . o 0 ol - Q KS] [0} - — @ u or
0 : I - < a8 g R SR S v T
+) 0} £ N ~ + (U] ~~ £ 4] 0} £ o W o - & o nw_ 0 E
&) ¥ + e “ ) © © n + o o .1 v & 0 > 7
5w o 2 _ e B A8 oML o] I, e 0
s £ 0 to t L S B S S B . o & ¢ 5o
3 ° E 9 & h ) r _ Ul o 4 ()] e P & P o o znu o ¥
£ S © - ey M ot Y o & o U ) 0 S g
n E o N . S - 0 £i Wy o 0 U] ] - 2 (1] o
& B - o O 0o 2 o B © 0 o v - 57
. R d - o < £l o 4~ s o ¥ -
0 3 v g s “ ) K . - © 0] +) o)} .ﬂm g £ o) 3) =
O W N w__ o - —~ g o= 9 5 = 8 SR SRSl :
P8 4 o0 i W o o w» 9 o B g 2 T ¥ o g8 d g
- ) U . ©o % r o - (o] ol fo] T N + + @ o 0 ®
&~ [0 3) ~ o 1 e M ™ e a v 5 i H “ § o
T N I = H L 5 i o] v~ o i u 9 % g o <
[ 4+ o — -HL sm~ -ri u b 0 L = £, h o a D N
o 0 : N 3 I A o g foo o £ o
9 o . g - > o3 0y +) 0 1 . o o] o™ (0] ) o o) K] o g ..hu
IS] Q “ Wu = o w 8 u © 4 o 3 T i
W o 2 —~ o o R L T o8 o oo
o) : T © - - e £ O - 0] < e 0] o o ) S o 3 e
o & U RS : 5 a8 » oM oo ¢ o B w © 8 Y
_.u 9 o 5 9 - ) ) i) o a3 a3 () P m ~ (@] g [0
S ¢ . B oo 0 owoa a 4 o B * wog g 9 o
ri o g A I < B B R B © B g 7
(6] ¥ ) O © M ¥} 4 = S ¥ I3 S jt :
¥ e} ) ol “ = 3 « I I, +) RN Q % © 9 ot z ; :
£ - P 0 Do 0 M v a U . A omo& 8 E
g , - u ) 8 - 1) o 0] L = o] 0] 3 i8] [ ) 4] =]
3] ™ 3 1 £ m () 3 :w Ntt QB ORI as £ nw 5w
Q . H - S ri 1 ¥ 3 3 - 0 o i <
0] ] % nw - .M N = o 5 -~ aw 5 o3 .MH T
Ao S S o w 9 a3 2 5 ¢ s moood s
) ) O n o £ , o I O N o ~ 5 = = _
+ T o 3) . (ST ) « 4 £ 4 3 O N 2 & g z g v -
S I ) : 4] o o g5 ¥ : - 70 5§ 3 ™ 8
AT 0 4 £ : oo %D © ‘ T wotop
oo S 9 G 5 £ o o+ “rd g o . £ w o (o)
. | G k o 2 o " MW s Po] IS (o] [0} ] L . 4
; ; g ¢ 0 _ ® . s & - U | Q (@] 3 H
o % s - 0 o o ) & i 3 — 0] 5y 9] T — Y]
@ o o 5 £ 3 ¢ _ =3 + -3 N u Iu) -ri [0} £ 8 I - (@]
o o o9 5§ £ 5 oo P - 0 D W s o LW
13 R T H 3 2 M o~ " g ow NooEH = S
o £ FORRY I ) 0 o ~. 3 o n s
u Iz, 0 o~ : ) “ 2 § : 2 ¥
H - “ o Q = g = ;
> rd +)




(23)

(24)

<<
o~

-
a3

a

0]
-rd

O]
-

ol

ori

2

T
£

-rd

T
™
—i
)]
0
[}
¢)]

1%}

+
6]
&

o

Y4

4

Y

1 (v+1v,)"

)2n°|

(-1)"(q,

Vnrl

(2n+1)!

-z

K,‘(Z,V)

(25)

2T
( Ly
ak

)

n
(n=m)t(m")

1
ak

(=1)(a=)™"
(2n+1)!

©
=2
a=g

K, (z,1)

<t




rewritten

<
~

-

K

(26)

1
7 )nv
k

at)” ( 1
c’+a

n!

(= 1) (241

~

K. (6.1)

6)

z)

S, (a,

1
a,

(=1)"(kTtz)"
(n!)?

@
me0

K. (z.1)

(267)

elc,x+ ( - l )"»w-le—la,x
2 (i)fwnﬂvl

1
(2a,2)"

m(n—m)!

(=1)"(n+m)

m=Q

S, (az)=7Y

If we let

me.

ca

the

are

the results

(15},

Eqg.

K (z.0)=Y K& (2, 1)

two

the

ate

(¢]

a=0

(a,2)

1

= sin
a,

k

K

cos (a,z) —sin (a,z)]

— [a,z

&

kTt

(n
k

K

a

3 . 3
2 Sin (az) - T

t)[

3}
k

azcos (é,z) - -:1— (a,z)%in(a,z)]

a

(kT

() =
k

K




ord

[}
B4

(9]
(o))
(o))
L

Briggs RJ. Model of High Spatial Frequency Thermal Blooming Instabilities .

UCID-21118, 1987.
Morris JR. Standard Green's Function Der

(1

v

{ the Thermal Blooming Compensa-

ivation o

tion Instability Equation, UCID-21261~Revl, 1987.

(2]

(3]

Chambers DH. Karr TJ et al. Linear Theory of Thermal Blooming in Turbulence .

UCID - 102673, 1990.

Karr TJ. Thermal Blooming Compensation Instabilities , UCID - 2| 172, 1987.

(4]

o«
<




f Optics and Fine Mechanics
f Sciences,

ABSTRACT In this paper, anisoplanatism in adaptivﬁ dptics 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 6nly 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, phasé 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

rhase-gradient method, overcoming anisoplanatism, was presented
in reference [3]. 1In the article, the time~domain analytical
method 1ig applied to further discuse the effect on compensaticn
efficiency of an adaptive-optice system by

aniscplanatism, mean wind field, and system bandwidth. Moreover,
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AG)(r.H-At)=kfdz[n(r.t+At,z)—2n(r,t.:)+n(r.t—Az,z)} (13)
0
By ucing a method similar tc that menticoned above, we can cbtain
the result that in the compensation cituation of the phass
gradient, the structure functiocon D, (;,‘,A,) for the residual phacse
1
is
h
- — .2 2 =183 = s gl 751
D, (p,Ar) =291k dz,Ci(z)[6l p 1 ~alp+p, 1" =4l p=p, ¥
¢
- -~ 15/3 >_A s -~ 1513 =183
+lp+2p, PP+ 10 =2p I+ 810, 1P =212p, ") (14)
In the folleowing, we apply the time-domain Fourier-transform
method (as described in reference [2]) for procecssing, that is,
<I>,(r.f)=J.dl(Dr(r.l)exp[-—27tif1] (15)

Q
Hh

f is the conjugate variable the Fourier transform for time t.

®,(r.f) can be used to describe the following relationship:
Q,(r.f)=H(/ ), (r.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 egquation of the residual-

phase structure function [2] can be obtained:
D,(3)=2.91A‘ijdfdtd:,| 1 ~H(f)Fexp[ —2nif1]
2 L~ s >~ s > 13
: C;(Zx)(7|P+P|I + -—-)-Ip-pll —]pll ] (17)

In the phase compensation situation, from Eg. (6) we know
H(f)=exp[ -2nifAr) (18)

Let us substitute Eg. (18) into Eg. (17) and we can obtain Eq.
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{10). With respect to compensation under the phase gradient
method, from Eg. (12) we can obtain

O, (r./)=2H(U O, (r.f)—H()O (r.[)=H(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)=HU)2=HU)] (19)

Thus, let us substitute Egs. (18) and (19) into Eg. (17), and we

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

ITI. Discussion

From the foregoing analysis we know that Eg. (17) is the
general eguation 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 6=0,p,=v,Ar , 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 |5,/ l«Dy/r, from Egs. (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:

St=exp[ —6.88| Lo |9
f o (20)

St,=exp[ —5.676 I% 3]

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,
|7,  is the isoplanatic length. Then in the situation of
phase compensation and compensation under the phase gradient
method, the isoplanatic lengths p, and p;; are, respectively:
py=0.3144r,
P =0.3528r, (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 1p/rl»D,/r, . that is the case of entirely different

optical paths for the beacon light and the main laser, then we
D(F)=2x6.88] L pi»’

B L AL N
D, (P)=6x6.88]L s (22)
noo

have

However, the phase structure function without phase compensation
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is 6.22 |plr*’ . 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 Egs. (1), (10), and (14) we

can obtain

St= — Jdﬁk(p)cxr){—3.44[2!-‘0—1”’-! Pl | LBy iy g £ poy )
n D, r : r

3 o o )
Sty= —= | dpk(F)exp -3.44[6] £ prr-a| L2l pa_ g L70) 50
nD, o - r

° o . 7o

+| p P, 34 | p r2p| |’l’+]-65!‘7—||m]}

0 0 . [}

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 ylﬁdhl :

a, b, ¢ are the results of phase compensation : d, e, £ are the
results of compensation under the phase gradient method.
a-dili/%l=01;b'°3|FJQ|=031;C-ﬁlﬁJQl=lﬁ . From Fig. 1, we can
see that the results of Iﬁ/gl«l%/g and JﬁJal».DJro are consistent
with the results in the above-mentioned analyses. For different
g/l . there is a critical Dy/ry. When Dy/r, 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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with phase and phase derivative compensation

and 1t is

is more rapid than that under phase compensation,

fn
Y

D,“;/i

smaller than the Strehl ratio in phase compensation.

When D./r,

in compensation under the

is greater than the critical value,

phase gradient method the Strehl ratio more rapidly approaches

Then

(20).

this is the result shown in Eqg.
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the effect on compensation under the phase gradient method and on
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phase compensation. With the greater IE/%] and ©/0;, 1in the
effective range the phase gradient method does not have
superiority. Even when Dyif is much greater than [p,/r] . Or
D@/rc is much greater than @/@5, 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, Egs. (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 I3h+vﬂAﬁKDo ,
the isoplanatic region compensated under the phase gradient
method is only 1.122 times the isoplanatic region compensation in
phase compensation. However, when JEZ+vJA1 , 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

€0




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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revised draft was received for publication on June 5, 1993.

REFERENCES

[1] Fricd DL. Anisoplanatism in Adaptive Optics. JOSA 1982, 72:52 ~61.

[2]  Tyler GA. Turbulence Induced Adaptive Optics Performance Degradation :Evaluation in the
Time Domain. SP/E Proc. 1983, 410:179 ~ 188. O

(3] MEL, A KEN. QEEXFPHETRIE, BRCHRFA. 1991, 3(1):65 ~72.

(4] RET. BWRAKNAEROCEME, BROCERTR. 1992, 4(3):405 ~410.

61




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

Li Bin and Du Xiangwan
Beijing Institute of Applied Phvsics

and Computational Mathematics
P.O. Box 8009, Beijing 100088

ABSTR ACT The vcrxﬁcanon of testing power of ground — based hlgh power laser is an impor-
tant physncal problcm in arms control. In this paper we proposc a schcmc to measure the scat-
tering hght of laser bcnm in atmosphcrc by multl-dctcctor Thc optmml detective parameters are
calculated and scvcral algonsms to evaluate the laser’ powcr are studled

KEY WORDS vcnfcatlon of laser power, arms control, scattcrmg 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 weaponrv 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 i1s 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.
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ITI. 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
seénsors 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:

P,,=1’J‘ﬁ(r,t?)cos:JzSdl/'D2 : (1)

In the equation, P is the laser beam power. B(r,®) is scattering
coefficient of the volumetric angle at point r with scattering
angle ©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: .

ﬂ(r,0)=ﬂ(9)exp(—_7';-) (2)

’
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In the eguation B(0) is the scattering coefficient of the
volumetric angle for the aerosol on ground level; and H, is the

datum of the aerosol [4,5]

Hx1.4km . (3)
Hence, Co
_ - h cosa
P,=PS /3(9)6’fp(f71°)741 BNCY

’

If the aerosol particle size distributiéﬁ in the laser beam
direction as well as the sensor position and direction are not
changed, then power PD 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 B (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 x; 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¥. 1Its longitudinal-direction opening angle is @; its
transverse-direction opening angle is 180°. So, the angle of

field-of-view is © x 180°.
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10 Fig.1 Angular scattering functions of water

haze with Young particle - size distribution
10" function (p_=0.05um . p_, = 5.00um .

power exponent f )

10° © Curves 1:8 =3, i=10.6pm

B/km" sr*)

2:8=3, A=1.15m

3:=4, i=10.6um

10°?

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 (xG,O,.O). Assume that the pole
angles of the laser beam are (0,, ¢.), then the coordinates of

|4 4

any point on the laser beam are
(Isin0, cose,, /sind,sing,, Icosl ) . The height of point r is
h={[cosf (5)

After calculations, the distance from point r to the sensor

D= (xl+1'—2x,/sin0, cosg, )"’ )

The scattered angle from point r scattering to sensor 1 is

X,81nf sing -/

cosf = T =3
(xg+ = 2x,sin0, cosp, )"

(7)
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The angle of incidence of the scattered light onto the
sensor i is

cosy(x,~Isin0,_cose, )+ /cosl,_ siny
(xi+ = 2x,/sinb cose, )"*

Cosa =

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

lin= %0 (9)
cos0,+sind_cose, ctg (v — %; )

the highest point capable of reaching the sensor is

{oc » HicosO,+ sinf _cose,ctg(y+ —;—)- ) <0

max X,
. w ?
cosf_+sinf_cose_ctg(y+ 5 ) and others (10)
Let us substitute Egs. (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

i -
P, =PS| B0)exp(~—— ) 5% 4 (1)
B ! HP

D

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

a lkm distance between the sensor and the laser source, taking

X,=lkm (12)
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Power Estimation Method
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Table I Mean Errors and Maximum Errors

"~ Errors for Angulur Scattering Curve |
number of | (a)arithmetic average (blaverage after choise {¢)weighted average
s % - w=0.001° 1=65.0° , ©=0.001" w=0441,7=40.9" . =0.001°

n 3 max () ¢ max(¢) I3 max ()
1 1.026 10.71 - - 1.026 10.71
3 0.238 2.902 0.4%2 1.000 0.399 2,122
5 0.169 1.636 0.203 0.483 0.0972 0.480
8 0.123 0.945 0.116 0.324 0.0302 0.138
12 0.110 0.644 0.0636 0.148 0.0226 . 0.103
20 0.107 0.494 0.0465 0.196 0.0196 0.0743
Errors for Angular Scattering Curve []
| 0.567 1.377 - - 0.567 1.377
3 0.349 0.619 0.448 0.967 0.304 0.765
S 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

Errors for Angular Scattering Curve [l]

! 0.97! 5.231 - - 0.971 5.231

3 0.178 1.077 0.479 1.013 0.217 0.635

5 0.123 0.540 0.211 0.486 0.168 0.421

8 0.0878 0.245 0.126 0.453 0.168 0.430

12 0.0866 0.2138 0.0702 0.132 0.167 0.396

20 0.0865 0.225 0.0540 0.0961 0.167 0.391
a
.
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