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PROBLEMS OF ADAPTIVE OPTICS USED IN THE ATMOSPHERE
Song Zhengfang

Anhui Institute of Optic

s and Fine Mechanice,
Chinese Academy of Sciences

Abstract *The atmospheric scintillation ,atmospheric dispersion and anisoplanatism set a limit 10 the appli-
cation of adaptive optical technique in atmosphere . In this paper ,this limit is summarized .and the methods to

reduce these effects are introduced.

I. Introduction

Since the presentation of the original concept by Babcock
[1] in 1953 on adaptive optics technique there have been 40 years
of developments to date. Developments were ecspecially rapid in
the recent decade because of the spread of high-tech. In
September 1985, successful sheort wavelength long-distance, real-
time compensation experiments were carried out on the island of
Maui, Hawaii. In March 1989, a southern European observatory
cbtained star images with the closest diffraction limit of
resolving power, with a large-aperture telescope, in recorded
history. These twe milestones of progress marked that adaptive

cptics has left the laboratery for the practical stage. However,
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In the eguaticn, N i subapertures (or the impetus
elemente) adepted by the system; D is the aperture of the optical
system; R, is the coherent length of the atmosphere; k(=2N/1) is
the number of waves; L is the propagation distance; and B1l(Dx) is
the intensity correlated function. At the right-hand side of the
equaticn, in the index term, is the mean-square value of the
residue phase error after compensating for phase anomaly in a
relatively ideal adaptive optical system. 1In the seccnd
bracketed portion is the contribution due to fluctuations of the
vibraticn amplitude. The final integration term is contributed
by the fluctuation correlation of the vibration amplitude.

In Fig. 1, the effect ¢f the Strehl ratic on the number of
subapertures and the ccherence length, is cited as an example of
A=1py, L=10km,D=0.5m. From the figure we know that the shorter
the coherence length (that is, the more intensive the eddy
current in the atmcsphere), the smaller is the number of
subapertures, and the smaller is the Strehl ratio. Eq. (1) is
supported experimentally. Reference [1] reports the experimental

sults on the optical path at the 340m level. The researchers
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ystem of 21 units tc obtain SR=0.64 when r,=5cn.

Q

alculated from Eg. (1), the theoretical value is 0.65. The
experimental results and the theoretical results agree closely.
For astronomical applicaticns, the most recent conclusion is
that when SR=0.5, the star image close to the diffraction limit
[6] can also be obtained. If this is used as a criterion, then

the system of N=69 can alsc satisfactecrily operate when ro> dcm,
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intermediate intencsity of the eddy current. If the laser power
is sufficiently high, cr energy is sufficiently high, thermal
blooming exists. However, with interacticn between thermal
blooming and eddy currentse, instability of phase compensaticn
will appear. These problems will be further studied

theoretically and experimentally.

IIT. Effect of Atmospheric Chromatic Dispersion

When adaptive optics is applied to revise the eddy current
effect in the atmosphere, the guide star is required. However,
the wavelength of the guide star is cften inconsistent with the
wavelength of the target light that is to be corrected. At this
point, correction will be incomplete because of the atmospheric
effect of chromatic dispersion. As indicated in theoretical
research, 1f selection is improperly done, very high residual
phase errcr will result. Beginning frem the Zernike polynomial,
the author and his colleagues considered the diffraction effect

and derived the correlaticn function of the development

Hh

coefficient of the dual-frequency phase. Furthermore, the
corresponding equation of solving for the variance of the
residual phase is tc be derived [8]:
D 5/3
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The dashed lines in Fig. 2 stand for the calculated results
cf the solid lines. It is very apparent that the variance of the
residue phase at this pecint is very smaller, generally smaller by
three to five orders of magnitude. Then we can see that in order
te cvercome or reduce the effect of chromatic dispersion in the
atmesphere, whatever the wavelength of the guide star and the
target light, the multiplied product of phase error gp of the
guide star by the ratio (lVAT) is used as the correction

quantity of the phase anomaly.

IV. Effect of Iscoplanatisnm

If the guide star and the target are not at the same
locaticn, there is an extended angle between guide star and
target with respect to the adaptive cptical system. Since the
properties cf eddy currents in the atmosphere are correlated over
a local region, the information in the guide star channel may
possibly necot indicate the properties of the target light path.
Thus, the compensation will be incomplete. This sgituation is
coften called anisoplanatism. If it is correlated in the ccnical
region, the correlation functicn is reduced in the region
included by e{; this region is called the isoplanatic region;
the extended angle is called the isoplanatic angle, marked as €.

Obvicusly the value of @, is limited by the conditions of the




eddy currents and can be calculated by using the fcllowing
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equations, thecretically

50=(2.91k2(sec¢)J- . C IR dp )~ (5)

In the equation, ¢ is the zenith angle; and h, ie the height of

t

the cobservaticn pein
In a general situation, 6= 10urad . when the eddy currents
are relatively intensive, 9, may be small as 5prad. With respect
to astronomical observation, the guide star stars in the vicible
light wave segment can cover only 0.02% of the sky. Thus, it is
very difficult to find the appropriate guide star. Howev r, for
2 space cbject moving in low orbit, the round-trip transmission

time of a light beam will move to over 20urad. Both applications

are very difficult tc csatisfy the isoplanatic conditions.

Therefore we csheould find, or artificially form, an appropriate
guide star source. At the same time, this is alsc an important

apprcach in applying some measures to enlarge the iscplanatic
regicn.

The artificial guide star can be generated by backscattering
of atmospheric molecules, or by rescnant scattering of a laser by
the Na icn layer in the high-altitude scattering layer (80 to
100km) . Successful demonstraticns were carried out for both
methods. For example, Gardiner [10] et al. obtained images of
laser echoes in an Na layer with a2 low noise CCD array with a

2.2-m telescope at the Mona FKaui Observatcry. Their experimental

o]

data and theoretical analysis that mcdern laser techn logy can

carry out adaptive corrections of ground-baced astronomical
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telescopes. Because of a lower height (approximately 10km) of
the artificial star that is formed, it is easier to carry out the
technique of Rayleigh scattering. In addition, images much
brighter than the Na layer guide star corresponding tec the
brightness of magnitude 1 stars can be cobtained. However, the
shortcoming is that the returning light rays of the guide star is
not as parallel as light rays from heavenly bodies. Thus the
focal plane is not a plane. This leads to lowered compensation
efficiency.

To satisfy the conditions for isoplanatism, sometimes much
more artificial guide stars may be regquired. If this arrangement
can be carried out (in fact, an experimental plan in this aspect
was executed), then it is pessible to consider the wavefront
ancmaly as a functicon cf distance, not to be studied as a whole
integration that reached the telescope. Some scholars [11 to 13]
proposed a concept of multiconjugate adaptive optics on this
basis. 1In other words, the atmosphere is divided intoc M layers;
each layer corresponds to a set of adaptive optical systems. 1In
this way, the isoplanatic region can be significantly increased.
In preliminary simulaticns, it is indicated that the dimensicns
cf the isoplanatic region will be increased by 4M2. Although the
optical system is increased by M-fold, yet the dimensions of the
impetus unit can be increased with M, actually the number of
elements of the adaptive reflective length is almost not related
te M. Even if the conventional single system is applied, only

can the conjugation of the mean eddy current layer enlarge the
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whether the relative aperture (D/rg) and the path is vertical or
horizontal in the optical system have little effect on SR. This
is mainly determined by the magnitude of the ratio 0/9.

If the wavefront and the gradient of the guide star beam are
applied onto the phase pre-ancmaly of the initial transmitted
field, we can derive the Strehl ratio of the second-order

derivatives:
703 = e
[1+176.8(§—) {1%—)

0
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When the guide star is at the margins of the isoplanatic

angle, Eg. (6) becomes:

r Lry |
SR0= - d
([102s 7] ]
Lro 173~ -172
[1-a8{ 7)) ®

Frem Eqs. (7) and (8), we can obtain the number of times by
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D/r,=40, the improvement is a factor of 8.3 for the horizontal

path. 1In the vertical path, the improvements are 2.2, and

Finally, it haes to be pecinted out that when the relative

aperture is smaller, (D/ro <5 to 10), the improvement in the
number of times is smaller than 1 for the vertical path. In
other wordes, the phase gradient method shrinks the range of
effective correction. Thie is so because the above-mentioned
processing cof the first-order terms of the phase gradient is
revised. If higher-order information is to be used, this is
beneficially to explain the isoplanatic region. The processing

method for a high-crder gradient is similar, and will be

neglected here.

V. Conclusions

It has been 40 yvears in which there have been develcpments
in adaptive optics. The achievements are quite satisfactory.
For astrenomical applications, it is sufficient in the current
theoretical and technical levels. Some scientists propose to
install adaptive distortion lens as the supplementary lens in an
astroncomical telescope. However, to enhance laser bean quality,
there is still a long way to go to enhance laser beam quality.

methods of improving the performance of adaptive optical
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