L.A. Bol’basova and V.P. Lukin

Laser guide stars and models of atmospheric turbulence

L.A. Bol’basova and V.P. Lukin

Institute of Atmospheric Optics,
Siberian Branch of the Russian Academy of Sciences, Tomsk
Tomsk State University

Received August 29, 2007

The quality of image of an extraterrestrial object formed by an astronomical optical system
through the turbulent atmosphere is analyzed. Relative increase of the Strehl parameter at adaptive
correction is calculated using the technique of laser guide stars. The efficiency of adaptive correction
of distortions for different types of guide sources is compared. A specialized wave front sensor is
applied, which operates with the use of a wide laser beam as a reference wave and allows the
continuous phase of the reference wave to be reconstructed. The calculations are performed for
different models of the vertical dependence of the structure parameter of refractive index of the
turbulent atmosphere. The estimates obtained show that the formed field is quite close to a plane
wave in its parameters. That is why we obtain high correction and large increase of the Strehl
parameter, which indicates indirectly a good correction of higher modal components, which are
poorly corrected with the use of traditional schemes of formation of a laser guide star with the aid of
a focused laser beam. The comparative calculations for different models of the vertical profile of the
structure parameter of refractive index have shown serious differences in the behavior of correlation
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radii for plane and spherical waves.

Introduction

Atmospheric turbulence is a serious limitation
for astronomical observations. Application of
adaptive optical systems can improve significantly
the quality of images observed through the
atmosphere. In adaptive systems, information on the
distribution of a medium turbulent inhomogeneities
along the propagation path is obtained from
measurements with the use of reference sources. A
reference source as some object with the known
amplitude-phase distribution located at a known
distance can be formed directly on the surface of the
object, whose image is analyzed in the optical system,
or it can lie at an infinite distance (natural guide
star), or in the atmosphere (the so-called laser guide
star of LGS). In this paper, we consider a new
method of formation of a laser guide star.

Initial statements

Let an object (natural star) observed by an
astronomical telescope lie at infinity. The wave
formed by the object on the telescope entrance
aperture is a plane wave. Assume that the guide
source is in the plane x. The entrance aperture of the
telescope forming an image of the extraterrestrial
source is approximated by the exponential function

W(p) = exp(-p%/2R?), the action of the telescope
can be replaced by an equivalent lens introducing the
phase term exp(=ikp? /2f), where [ is the equivalent

focal length of the telescope optical system; 2R is the
diameter of the telescope entrance aperture. Consider
the case of adaptive correction of distortions based on
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the phase conjugation algorithm with the use of wave
front measurements from the laser guide star. For
traditional LGS, it is usually assumed that its visible
size does not allow it to be resolved by the telescope
optical system and therefore can be considered as a
point source.

The phase of the wave with the wave number
k = 2n/) for a point guide source in the plane of the
telescope entrance aperture x=0 can be written as

k 2
St (0,p) = kx + 2L + Sn(0,p; 1,0), 1)

X

where S,;(0,p;x,0) is the random phase of the

spherical wave caused by turbulence during the wave
propagation from the plane x to the point p, lying in

the plane of the entrance aperture x=0. It is assumed
here that a point source lies on the optical axis of the
telescope. This means that the conditions of operation
of the adaptive optical system allow the guide source
to be formed at the same optical axis, at which the
studied object is observed. If the image of the natural
star is formed in the focal plane of the telescope
(x = —f), we obtain the field in the following form:

U(-f,p) = j Id2p1 exp( - p2/2RDexp( - p?/ 2f)x

xGy(0,p1;— f,plexpliS, (p]. )

Here Gy(0,py; - f,p) is the Green function for the free
space; S, (py) are phase fluctuations caused by

atmospheric turbulence for the plane wave at the
telescope entrance aperture. Equation (2) is written
on the assumption that the field distribution can be
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represented by the Kirchhoff diffraction integral'
under the condition that the plane wave with the

phase distortions S, (py) is incident on the entrance

aperture. For most astronomical applications, it is
possible to take into account only phase fluctuations
in the incident wave, while amplitude fluctuations
contribute smaller as compared to the phase ones. It
can be shown® that as a result of the phase adaptive
correction with the use of the fluctuation part of the
spherical reference wave (1) from LGS, the corrected
field in the focal plane takes the form

U(-f,p) = j Id2p1exp( — 02/ 2RDG(0,p 4= [, p) x

XEXP[iSpl(m) - iSsph(er; Or p1) - lkp% /Zf] (3)

It should be noted that in Eq. (3) the integral is
calculated within the entrance aperture of the
telescope, that is, in a circle with an area nR.

Nearly all laser guide stars are formed now by
focusing laser radiation from the ground. However,
the use of focused laser beams for formation of a laser
guide star has a serious limitation connected with the
fact that the point guide source and the plane wave
(formed from some actual star) are imaged in
different planes and phase fluctuations for plane and
spherical waves have different values. As a result, the
phase conjugate correction® incompletely compensates
distortions. In the literature, this phenomenon is
called focal anisoplanatism.?

Oriented wavefront sensor

Some approaches were proposed to prevent
manifestations of focal anisoplanatism. For example,
a wide collimated beam is proposed to use LGS
formation,?® which irradiates a rather large area and
forms a secondary source with the size somewhat
exceeding the diameter of the telescope aperture. In
this case, it is proposed? to use the wavefront sensor
of such a design that each its subaperture sees only a
limited part of the whole irradiated LGS surface. We
can consider such a guide star as a diffusely luminous
surface,>* and since the field of view of each
subaperture is much smaller than the whole luminous
area, the LGS jitter almost does not contribute to the
measured displacement of an individual fragment (for
an individual subaperture). Thus, an individual
aperture does not see edges of the irradiated surface
of the secondary source, and therefore the jitter of
the secondary source itself does not contribute to the
measured jitter of its image in the focal plane of the
telescope. As a result, the measured image jitter of an
individual subaperture is caused only by radiation
propagation through turbulent fluctuations of the
atmosphere on the path from LGS to the telescope.

In our papers,”*® it was proved that for each
subaperture we have an individual secondary source
formed by the subaperture field of view. The spatial
coherence radius of the field of this secondary partial
source (diffusely reflected radiation) can be estimated
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as peoh ® A0, where 0 =d/x is the angle, at which
the irradiated part of the secondary source is seen
(d is the LGS area visible within the field of view of
an individual subaperture). If we select the angle

0=d/x<)/ r(fl’h, that is, the field of view angle of

each subaperture is smaller than the coherence angle
for the spherical wave, then we obtain'>® that within

the coherence radius 7;*" the field of this partial

secondary source can be considered as coherent, the
phase reconstructed from such measurements can be
joined smoothly with neighboring subapertures, and
the continuous phase can be obtained as a result. If
a square subaperture array is used and the distance
between neighboring subapertures is taken equal to

the coherence radius for the spherical wave (d =rO5P]‘),

then the phase reconstructed in neighboring
subapertures can be joined smoothly.

Calculation of mean intensity
distribution of the field
in the telescope focal plane

To estimate the efficiency of the proposed new
scheme of LGS formation, we will calculate
comparatively the mean intensity distribution for the
field in the focal plane of the telescope without
correction, with correction by the traditional scheme,
that is, based on Eq. (3), and by the new approach
with the use of a collimated beam forming the guide
star. In the last case, a large irradiated surface serves
as a guide source. With the aid of a specialized
wavefront sensor,>® we divide this surface into a
system of spherical sources (for simplicity, we use a
square grid, that is, obtain NxN =N? spherical
waves). Then the field (2) after correction by a
system of spherical waves® under the condition that
the phase of the guide source is reconstructed as a
continuous one can be written as follows:

N2
U-f.p=), I d*p(Go(0,p15~1, plexp(~(p1—p;)*/2d*)x
J=

XeXp[iSpl(p1)_iSsp]1(p1;pj)_ikp%/sz (4)

where S, (py;p;) are phase fluctuations of an

individual spherical wave at the point p; on the

entrance aperture of the telescope; the source of this
wave lies in the LGS plane at the point p;. It should

be noted that the integral in Eq. (4) is calculated
over the area of an individual subaperture T = nd?/4,
whose center lies at the point p;. Totally, we have

N x N =N? of such partial reference waves. Since the
optical field formed by the secondary system of
sources on the telescope entrance aperture remains
coherent (for an individual subaperture) within the

sph

zone d <r”, after summation and averaging over
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the whole telescope aperture and over turbulent
atmospheric fluctuations, we obtain from Eq. (4) the
following  equation for the mean intensity
distribution of the corrected field in the focal plane:

N2 N2
ACL.p>= Y 3 [[dpidiprexp(-(py-py)? 2d%)

j=1 =1
xexp(=(py —p;)*/2d*)G, (0, p1; —f, p)x
xGo (0, py;—f, p)exp(—ikp} / 2f +ikp3 / 2f )x

X<eXP{i[Sp1(P1)—51)1(P2)]—i[ssph(P1 ; pj)_Ssph(pZ ; pl)]}>
6))

The mean intensity distribution for the field in the
focal plane of the telescope without adaptive
correction can be written analogously:

<I(~f,p)>= j jd2p1d2p2 exp(=(p} +p3)/ 2RD)x

xGO(O,p1;—f,p)G;(O,pg;—f,p)x

x exp(-ikp?/2f + ikp3/2f) <explilS,(p ) ~ Sy(p)1p>
(©)

The angular brackets here denote the operation
of averaging over fluctuations of atmospheric
turbulence. The relative efficiency of correction based
on the guide star formed by a wide collimated beam
is estimated in comparison with the traditional
scheme. For this purpose, we compare the results of
correction with the use of one spherical wave on the
optical axis of the telescope and a system of N?
spherical waves.

Telescope without adaptive correction

First, calculate the mean intensity distribution in
the focal plane of the telescope without correction. In
the integrand of Eq. (6), precalculate the factor in
angular brackets, which is connected with the action
of atmospheric turbulence. In the averaging over
atmospheric turbulence fluctuations, the idea that
fluctuations of the phase S are Gaussian and have a
zero mean is used. Then we obtain

2
<exp(-iS)>= exp(—%).

We use the isotropic model' of the spectral
density of the refractive index fluctuations, which
takes into account the inner scale of turbulence [,

@, (x,£) = 0.033C2E) " Bexp(—x2 /k2),
K =592/,

As a result, the term in angular brackets in Eq. (6)
under the condition «,|pj—ps| > 1, can be written as
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A= eXp{—%D}’l(m —p) =
= exp[-3.44|p; - pQ\S’/3/(7’(}’1)5”/3]. (@)

Here 7' is the coherence radius for the plane wave

propagating from infinity to the plane of the
receiving aperture of the telescope. Then we calculate
the product of the Green functions of the free space,
that is,

Go(0,p15— £,P)Go (0, P2~ f,p) =
= f2expl-ikpl / 2f + ikp3 / 2f +ikp(pi— )/ [].
As a result, the intensity distribution at the telescope

focus under the vacuum conditions is described by
the equation

Loo(—f,p) = 47° R exp(-k*p*R? /D). (8)

In analytical calculations without invoking numerical
methods we use the quadratic approximation for
Eq. (7). Thus, for the telescope without correction
we have

<I(~f,p)>=4n*R' [ x

y exp[-k*p*R*/f*(1 +13.76 R* /(1))

(1 +13.76R* /(")) ©

Using Egs. (8) and (9), we calculate the Strehl
parameter, which is the ratio of the mean
intensity (9) on the axis of the system in a randomly
inhomogeneous medium to the intensity in the
vacuum, that is,

St=<I(~f, 0/ I (~f, )=1+13.76R*/(*)*)".  (10)

It should be noted that the Strehl parameter is one of
the key parameters for determination of the efficiency
of application of an opto-electronic system in a
randomly inhomogeneous medium. This parameter
determines the penetration of an opto-electronic
system. For example, in astronomy it determines the
minimal brightness of a star, which can be detected
by a telescope. It is clear from Eq. (10) that the
value of the system Strehl parameter, when observing
through a turbulent medium, depends on the
coherence radius of the plane wave

= 1.707(k jdac,%(a)}-“.
0

The coherence radius is calculated over the
whole thickness of this randomly inhomogeneous
medium.

Traditional correction with the use
of a focused beam
It is not difficult to show analogously that for

the field formed by a natural star the following
equation can be resulted from the adaptive correction
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with the use of one guide star lying on the telescope
axis®:

<A(-f,p)y>= ”d201d202 exp(-p{/2R*)x

xexp(—p3/2R)Gy(0,py; ~ [, )Gy (0, po; — [, p)x
xexp(=ikp?/2f +ikp3/2f) <exp{i[S,1(p1)-S,1(p2)]-
— i[Sqpn (2,00, ) = S, (2,0,0,p) T}, an

and the term in the angular brackets is
1 1
.= eXP{—EDEI(Pr p2) - EDEPh(PF p2) +

+ <Spl(p1)Ssph(xr0;0yp1)> - <Spl(p1)Ssph(xv0;0vp2)> +
+ <Spl(p2)Ssph(xr0;pr2)> - <Sp1(P2)Ssph(J‘,O?O,P1)>}.
(12)

Here DM(p-p,), D (p—p,) are structure

functions of the phase for the plane and spherical
waves. To calculate components of Eq. (12), let us
write the equation for the phase in the plane and
spherical waves (with a center at the origin of
coordinates) in the approximation of geometric
optics. Since the wave propagates top-down, for the
plane wave we have':

50,90 = & [de [[dnt, v - Dexplin + ikap), (13)
0

where o is the wave front tilt angle for the star

relative to the telescope axis. If a = 0, we deal with
the normally incident wave. We can also write the
equation for the spherical wave propagating from p,

in the plane x:
Sun 0.9 = k [dzmle, &/ + pyl-¢/ ). (14)
0

Hereinafter, we use the spectral representation for
fluctuations of the refractive index

m(E R) = I Idzn(K, £)exp(ikR),

then for fluctuations in the spherical wave

Sen(0,p) = k;]'di “dzn(lc,x —E)x
0

xexplikpt / x + ikpy(1 - &/ x)].

We continue calculation of component terms of
Eq. (12) and introduce for brevity

Aj(p1)=‘Spl(p1)_Ssph(phpj)' (15)

Here p;, j =1,...,N are coordinates of the sources of

spherical waves. Then we obtain

L.A. Bol’basova and V.P. Lukin

<[Aj(P1) - Aj(Pz)]2>=<[Spl(P1) - Spl(pQ)]2> +
+ <[Ssph(p1ypj) - Ssph(p27pj)]2> -
-2 <[[Spl(p1) - Spl(pZ)][Ssph(p1 rpj) - Ssph(pZ ’ pj)]> .
(16)

We use the isotropic model ' of the spectral density
of fluctuations of the refractive index, and then for

the condition «,|p;—py| > 1 the first two terms of
Eq. (12) have the form:

Dspl(pr P+ Dfph(pr ps) =
= 2984 Ui + fdete/ 07 *Cia - pr-ps
0 0

an
and mutual terms from Eq. (12) yield

=2<[S,1 (P D-S, (P S (P1, P =S (P2, p ) I>=
=-87%0.033%? Idgc,’f (x-8) J.dKKK’1 V3 exp(—k2/k2)I... ],
0 0

(18)

where for convenience, summing up all these terms,
write them in the form [...]=1; + I, + I3 + I, where

I,
I,
Iy = 2nJolx|p;(1-&/ 1) = pr+ P&/ ]

I = =2n o[l -/ 0)|p1-p;

I, = =2n)y[x(1 - £/ 0)|p2—p;

I
I = Zﬂfo[K‘Pj“ &/ x)-py+ pz&/x\].

It is seen that to calculate all four terms in Eq. (18),
it is necessary to calculate the following integral:

_2<[Spl(p1)_Sl)l(p2)]’[Ssph(p1 ’ pj)_Ssph(pZ ’ pj)]>=

=-87%0.033k> IdaC,'f(x—a) J‘dKKK’“"/3 exp(-x2/2)[...1
0 0

(19)
Let the inequality

2
U-&/2pi-p] «in
y > 1,

keeps true at the most part of the path. Then we can
use the following asymptotic in Eq. (19):

a- 5/35)2 ‘Pr ij KIZH
4

1E _S/Gy 1y_

iy 5/3
O LY
r(11/6) 2’)? mo -
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As a result, we get

5/3

A-2/2"%ps-p;

© _ 1(-5/6)
Ojc..)dK = ¥01,6)

After summation of all six terms of Eq. (16), we have
<[A]‘(P1)—A]‘(P2)]2 >=

=-8 20.033k2xd C(x- M
" J& O )

«pi- PZ‘S/3 +(E/ 1) Ppy- 92‘5/3 +

+U-8/2 Fp=p 7+ U-2/ 20 *|py-p;

_‘pj(1—£_./x)—p2+p1(é/x)‘5/3_
_‘pf(1—5,,/.7€)—p1+pZ(é/x)‘S/S]’ (20)

Then perform the first check. Assuming py=p, in
Eq. (20), we obtain for the integrand

<[A;(p) - A;(p)T >=

r-5,/6)

_ 820,033k [d Cr(x =)
i (Jé a6

x[‘PFPJS/’S + (&/x)s,/s‘p1_p1‘5/3 .

5/3

+U-e/0 Yp-p,[ T+ -2/ Ppi-p,

_‘p](1 - é/x) - Pt p2(£/x)‘3/? ~

o, (1-2/20) - prrpy&/f 1= 0.

Consequently, Eq. (20) is true. Then we consider the
term in square brackets in Eq. (20):

[...1= [\91—92‘5/3 + (i/x)s’/s\PrPZ‘S/3 +

+U-g/ 0 Ppi-pf "+ 1-2/ 2 |py-p,

o=/~ pyrpe/ ) -

_‘p](1 —é/T) — p1+p2(é/?{')‘3/3]

M =282 Tt
2873r(11/6)

can be easily shown that for the case of a traditional
guide star, when the reference spherical wave is at
the axis of the system, that is, p ;= 0, we have in the

The coefficient is -8n20.033

quadratic approximation
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<A8/(p)-2,(p )T~ 2.82 [dECHr-Dllp - pof +
0

+(§/X)2‘P1—P2‘Q+(1—§/X)2\P1\2+(1—i/X)2\P2\2—

—‘92—P1(§/X)‘2—‘P1— P2(§/X)‘2]=
2,82k fiecioe, oot @1)
0

As a result of correction with the use of one spherical
reference wave, the integrand of Eq. (11) includes a
factor of the form

, [ecioe o
exp _‘p(1;p1‘;§‘ 0 _ ) (22)
’ Jezcio
0

Thus, for distribution of mean intensity in the
telescope focal plane in the traditional correction
scheme obtain the equation

4’ R4

<[> P+ ARE /DA

xexp{-k*p?R? /[/*(1 + 4R* /(YD) (23)

in which the coherence radius of the field 7' (at

correction with the spherical reference wave) is
introduced in the form

v —-1/2
Idﬁcf(é)(i/x)Z
}7(%)1 — rd)l 0 — ) (24)
jdac,%@)
0

As a result, the Strehl parameter for the telescope
corrected with the aid of focused LGS is

St =[1+4R? /G (25)

Thus, in Eq. (25) compared to Eq. (10), we can see a
significant increase of the Strehl parameter as a result
of application of adaptive correction based on
traditional L.GS. Consequently, adaptive correction
with the use of traditional focused LGS is in fact
equivalent to the increase in the size of the coherent
part of the telescope aperture, and this increase
appears to be equal to
-1/2

[aeci@, v
0

y 2
Ojdacn(a)
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and can be calculated using the models of the vertical
profile of the structure parameter of the atmospheric

refractive index C2(£).

Models of atmospheric turbulence

For numerical calculations, we use the models of
the vertical profile of the refractive index structure
parameter’ " and calculate the coherence radii for
the plane and spherical waves under conditions of
vertical propagation (in this case, the variable &
corresponds to propagation along the vertical).
Compare phase fluctuations in the plane and
spherical waves and calculate the following integrals:

Dpy. p2) = 2,82k p1-pof  [dzCi® -
0
= 6.88‘p1—p2‘5//3(7’(})1)_5’/3, (26)
D (py,py) = 2.82K |p—pof ° fdécﬁ(a)ﬂ /)P =
0

= 6.88|p1—po * ()7, (27)

as well as introduce the following designations:
i = {0412 JdzCi@) "
0
for the coherence radius in the plane wave;
T(fph _ {041k2 J'da(l _ a/x)ﬁgcz(i)}—33
0

for the coherence radius in the spherical wave.

Calculating the ratio of the correlation radii for
plane and spherical waves, we obtain that the
coherence radius in the spherical wave is higher than
in the plane wave:

Jeeci

rsph

0 _ d @8
5

| feza -2/ 0 i@

0

The calculated coherence radii (for a height
x =100 km) are summarized in Table 1.

Table 1

! ;,spll
Model 7, cm| 0
cm

Profile of Geophysical Laboratory of USAF | 20.80 22.90
Model for the Cerro Paranal Observatory | 13.16 14.80

Hufnagel—Stanley profile of turbulence 5.001  8.10
Modified Hufnagel—Stanley profile 8.03 18.70
Greenwood turbulence profile 12.92  13.10
Profile for nighttime atmospheric

conditions 19.91 21.97
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The data of Table 1 allow us to estimate the size
of the coherent area or the allowable size of the
subaperture, as well as the Strehl parameter in the
telescope without correction. These results coincide
with the earlier obtained ones.>!®""® Table 2
summarizes numerically calculated sizes of the
increased coherent part of the telescope aperture due
to action of adaptive correction. The calculations
were conducted by Eq. (24) for three most widely
used models for three heights of LGS formation: 20,
40, and 100 km.

Table 2

X, |Greenwood| Modified Hufnagel— US profile for
km model Stanley profile |nighttime conditions
20 6.08 5.19 7.07

40 11.32 10.15 13.74

100 27.74 25.82 27.42

These calculations show that the increase in the
telescope aperture coherent part for different models
of the wvertical profile of the refractive index
structural parameter for a height x = 100 km ranges
from 25 to 27 times. Thus, if the coherence radius for
the plane wave is equal, say, to 20 cm, then the
traditional correction increases the size of the
telescope aperture coherent part roughly to 5 m. As a
result, it can be stated that the traditional correction
with the use of a single point guide star significantly
increases the telescope efficiency, but for rather large
telescopes (larger than 10 m) the traditional scheme
fails to ensure the complete correction.

In addition, as can be seen from Table 1, there
are serious differences in coherence radii for the plane
and spherical waves. The wavefront sensor®® employs
just these differences in the coherence radii. In this
sensor, the subaperture size is equal to the coherence
radius for spherical waves, which is somewhat larger
than that for a plane wave.

Correction with a guide star being
a wide collimated beam

Let us calculate the Strehl parameter for the
telescope operating through the turbulent atmosphere
with correction based on a wide collimated beam.
The use of a specialized wavefront sensor is assumed.
Using Eq. (5), we can write the mean intensity of
the corrected field in the following form:

N2 N2
<IL.p>= ) Y [[dpidpaGo0pii= fp) %

=1 j=1
x Gy (0,23 [, pexp(~(p,—p;)* /2R?) x
xexp(=(py—p,)? /2R?)exp(—ikp} / 2f +ikp3 / 2f) x
x <exp{i[ S, (py) — S (p2)] -

_i[Sspl)(p1;pj) - Ssph(pZ;pl)]}>? (29)
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where p;,p; (G, 1=1,.., N?) are coordinates of

sources of spherical waves. Repeating the operation
of averaging as earlier, we have

<[A;(p) - A (p)T>=

r(-5/6)

_ 8220.0334% [d CHx =)
n (Ja Va6

X[‘p1_p2‘3,¢3 + ‘(1 _ &/T)(p1—p2) + (a/x)(pj_pl)‘:ij +

+(E/ 20 pi-p; Tr @/ 0 ppmp -

—\pj(é/x) —po+p1-E/x)
Ipie/ D -prrpt-e/f L (B0

Then, using the quadratic approximation in
place of the 5/3 dependence for the term in the
square brackets in Eq. (28), obtain

L. 1xlpi=pof +[(1-2/ 2Xp 1= p2)+ &/ )p;—pf +
2
+(§/~Y)2‘P1—Pj‘ +(§/X)2\P2—P1\2—
P&/ D -pyrp -2/ ) -
P/ D -pi+pr-£/ 0 1=
=&/ 2 [(p1-p2)—(p;—p)I™

As a result, write for the corrected mean intensity

exp(—ikp(pj— P[)/f) «

<I(-f,p»>= 7
N2 N?

Xz Z J.Idzp1d2p2 exp(—p? /2d*) x
= =

xexp(—(p3 / 2d*)expl-ikp(p1—p») /[ -

AR [ECHOE D e T B
0

Note that for off-axis points (p=0), an
oscillating factor of the form exp[-ikp;(p; —p)/[]

appears in Eq. (31) for terms with j=1[ in the
integrand. Therefore, these terms are strongly
suppressed (similarly to N2, where N is the
dimension of the subaperture array). However, for
the system axis (p = 0) Eq. (31) transforms into

_ N e ) 2 2 2
<I(-f,0)>= Iz d*pd®p, exp(—pi /2d*) exp(—p3 / 2d*)x

xexp[-ikp(p—p,)/ f-1.41k* ’jdgc,'f(a)(a/ O (p=p2)| 1.
0

(32)
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Equation (32) fully coincides with Eq. (23) for
the mean intensity distribution when correcting by
the traditional scheme, but in the last equation the
integration is performed not over the whole entrance
aperture of the telescope, but over the subaperture

sph

area, whose size is equal to 2R/N =d ~#", and

then almost the whole receiving aperture of the
telescope Dbecomes coherent. As a result of
calculations for adaptive correction with the use of a
wide collimated beam, the Strehl parameter of such
a telescope is equal to

St =[1+ RN @)1 (33)

Thus, increasing the number of subapertures N
of the initial telescope aperture, it is possible to make
the Strehl parameter arbitrary infinitely close to
unity for any telescope, that is, almost any aperture
can be made coherent.

Conclusions

Let us summarize the results of our calculations
and reduce them to simple equations. Take into
account  the use of quadratic approximation in
calculations, that is, the change of the 5/3 law by
the 2 law. Now perform the inverse substitution.
Then from Eq. (10) we obtain that the Strehl
parameter for the telescope without correction is

" -

jdéc,%(é)(2R)f1f’”3

St ~ |1+ 4n? 2 . 34
T U 2RY? 30

In the system with correction, which employs
traditional focused LGS, the transformation of
Eq. (25) yields
X -1
Jezciee rer

St ~ |1+ 4722 : . (35
nan (./2R)? (35)

Finally, at correction with the collimated beam as
LGS, using a special wavefront sensor, from Eq. (33)
we obtain

| -1
IdéCf,(i)(g P

2
S N OWET . (36)

The results of analytical and numerical
calculations have shown a high efficiency of
application of a laser guide star in the form of a wide
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collimated beam. The specialized sensor of the
Hartman type® allows the reference wave phase to be
reconstructed as a continuous function. The estimates
show that the resulting field of the guide source is
rather close to a plane wave in its parameters.
Therefore, we obtain a high correction and a
significant increase of the Strehl parameter, which
indicates indirectly a good correction of higher modal
components, which are poorly corrected with the use
of traditional schemes of LGS formation with a
focused laser beam. The comparative calculations for
different models of the wvertical profile of the
structure parameter of refractive index have shown
serious differences in the behavior of correlation radii
for plane and spherical waves.

It should be noted that accounting for the
influence of amplitude and phase fluctuations
naturally decreases the achievable level of correction.
The resulting Strehl parameter will be somewhat
lower than that determined by Egs. (35) and (36).

One more feature of the proposed scheme of
LGS formation should be noted. The wide collimated
beam and the specialized wavefront sensor,>* the
each subaperture of which sees only a limited area of
LGS, erase the problem'®™'® of correction of the
global wavefront tilt with the use of LGS, since the
jitter of the initial beam, caused by the upward
propagation from the telescope aperture, does not
contribute to the jitter of subaperture images.
Therefore, the summation of local wavefront tilts
over the whole subaperture array of the wavefront
sensor can also give a signal for correction of the
global wavefront tilt. This somewhat facilitates, in
general, rather complicated scheme of correction with
the use of LGS, since it is not necessary to use of not
only the laser guide star, but also a natural star,
which gives a signal for correction of the global
wavefront tilt.
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