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Large Aperture Telescope Mirror Figure Evaluation with Power
Spectral Density
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Abstract: The power spectral density was investigated to analyze the seeing-limited performance of large
telescope. The Karman spectral with different frequency knees and the Power Spectral Density (PSD)
slope were used to simulate the atmosphere turbulence. And the Zernike polynomials was used to analyze
the low order deviations. Combining the two kinds of deviation, the numeral modal was built to simulate
the system. Lastly, by analyzing the PSD of actual sample and the sample combined with the numeral
atmosphere turbulence, the separation of the abberations with different sourse was obtained. The results
show that the proposed method can specify the performance of the large telescope under limited seeing.
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0 Introduction
the

telescope is a major concern for the next generation
For

performances, the frequency domain metric is placed

Theoptical performance of large aperture

ground based facilities. optimizing these

more and more significance. First and foremost, an
adequate metric for charactering large surface figure
should possess the frequency domain property. In
addition, the metric should be easily received . The
large telescopes, such as Thirty Meter Telescope

(TMT), have paid more and more attention to the

seeing limit. For the TMT, the seeing condition is
evaluated by the Slope Root Mean Square ( Slope
RMS) ",

The mirror surface figure of large telescope is
mainly influenced by design, manufacture and
metrology, which conld be taken to consideration in the
evaluation phase. The RMS of the Wave Front Error
(WFE) is a universally accepted metric. However,
when it comes to the large telescope case, the RMS is

When the higher
frequency is involved, the WFE may degrade into many

not by itself adequate. spatial

types, which may have the same RMS. That means
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RMS has not dynamic property, and it is unable to
show the aberrations in varied of dimensions"*".
Though the Zernike polynomials are good to
specify the low spatial frequency components of the
wave front, the calculation cost dramatic increases as
the order rises. Furthermore, even up to the 100th
Zernike polynomial, the spatial frequency resolution is
still limited to 13 in both radial and circumferential
direction. So, the Zernike polynomials are only proper
to character the multiple WFE, with a few low spatial
frequency compositions*'*',
the
the

It has been originally

We consequently involve Power Spectral

( PSD ) to

performance of large telescope .

Density specify seeing-limited
researched by American national ignition facility in
1990871,

different

This metric is directly related to the
The PSD
metric can do the evaluation more efficiently with Fast
Fourier Transfer (FFT).

spatial frequency distribution.

1 Definition

Firstly, suppose a stochastic process { X (z),t€&
T}, at every t€ T for X(¢t) , E[ X(2)] and E[ X* ()]
both existing. In this condition, {X(z),t& T} is noted
as quadratic process.
the
surface, the wave front error () can rarely boost to

infinite. So the E[¢(2) ] and E[ ¢’ (x)] always exist.

Generally, without destruction of optical

We assume that the aberration is quadratic error. We
take its correlation coefficient R(p(x+7r),¢(2)) into
condition. It has the following property
R*(0Cax+r),0(x)) ={E[0(x+r0(x)]}" <<
E[¢ (xz+r) ]E (2) ][<<A+oo

the
composition of the mirror figure should be zero. The
the

consequently considered as wide steady process. The

QD)

For ideal wave front error, direct current

stochastic process generated from data is

power spectral density of this process is noted as

S(w):,iR(m)e ]{l‘:;ZE[l'(”)IX (ntm)Je ™ (2)

Consider two-dimension condition:

L' —1L—1
s(u,v):%x | 2 2Zwlm,m) X(n+i'D’,
D 9% m=0n=0
n+iD)e T |? (3)
In the Eq. (3), a welch window is defined as
w(n,m)zlf @ (4)

where L, L'

respectively, inside the surface map aperture. A welch

are the maximum values of n, m,
window can eliminate both smearing and leakage
problem . A parameter of « =8 was found to have a
good compromise between them.

The two-dimension PSD defined in Eq. (3) is able

to process an overall evaluation. It cannot provide
concrete value. We prefer to collapse the result, as
what has been done by American National Ignition
Facility (NIF), meanwhile in a better method.
Generally, we collapse the Two-Dimension PSD
(2D-PSD)

domain collapse method (just like what has been done

in time or frequency domain. For time
by NIF), the accuracy degrades remarkably, when the
wave front is not rotating symmetric. For the other
one, with the symmetric property of FFT, we can make
the collapse more smooth and accuracy.

We do the collapse in the following way

@.:Nii;p, (5)

where, [;)I is the average radius
1J
PSD,, = N\Z PSD,;, (o)

In the Fig. 1, the wave front of a laser beam is
showed. We process the wave front in the way
mentioned in this section. Collapse is done fromthe 2D

PSD and the result is revealed in Fig. 2.
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Fig. 1 Wave front of a laser system
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Fig. 2 The 1D PSD achieved by collapse
As seen in Fig. 2, the aberration mainly converges
in the mid-high frequency domain and we can evaluate
the error separately. The PSD method can evaluate the
wave front not only qualitatively but also in ration. The
NIF has showed a Not-To-Pass (NTP) curve. If the
PSD does not intersect the cure in certain frequency

range, the wave front is acceptable.
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2  Properties

The WFE always contains two components that
the low order aberrations and the high order ones. The
Zernike polynomials are the most universal metric to
specify the low order error. Here, assume the wave

front is composed by two terms of Zernike polynomials

¢:C'¢i+cj¢J (6)
After dispersed, it also has similar relationship
O(n) =c,®,(n) +¢,®,;(n) 7))

Then ,we calculate the PSD
S(w)=SR(m)e *=S{ELO " (ntm) ]} -
e ]“':E{E[c,@,(n)+cj®](n)][c,¢,(n+m)+

@ (ntm)]" Je j‘”:i{E[c,@,(n)c,@f (n+

m)+¢,®, () e;@; (nt+m)+c,®,(n)e,®,; (nt+m)+
@, (W) e, @ (ntm)]je ™ (€))
For the orthogonal property of the Zernike

polynomials, we can achieve

S(w) = 2H{ELc,@;(m) @, (ntm) +¢,@,(n)c; »

@ (ntm)]le *=cR.(m)+ R, (m) 9
For the atmosphere turbulence case, the WFE can
be described by the von Karman PSD as

PSD(f)= (10)

c
A+ Cf/foHH

The von Karman PSD has three parameters as o,
f, and ¥y, which are the amplitude ,the frequency knee
and the PSD slope.

standard deviation of the turbulence wave front. The

The amplitude determines the

frequency knee and the PSD slope are employed to
achieve the different cut-off frequency.

Varying these parameters, we can obtain different
kinds of atmosphere turbulences. This is a very easy-
to-use approach to the mid-spatial frequency
components of the WFE of an optical system. Using
Karman PSD, we can get the atmosphere turbulence
wave front , as shown in Fig. 3. In this way , we can
consider the seeing-limit condition numerically.
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Fig. 3 Karman PSD wave front
The Karman PSD and NIF NTP curve are showed

in Fig. 4, we can come to a conclusion that ,for some

case, only the error generated by atmosphere is big

enough to become a major limit for the performance of
large telescope, rather than the manufacture aberration

of mirror itself.
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Fig.4 PSD curve of Karman

3 Verify and analysis

For the low order WFE, we put the method
forward to the Zernike polynomials, as shown in Fig,
4. In the figure, the mid and high spatial frequency
component is smooth. That means there is no middle
frequency roughness in this case. The deviation from
perfect mirror surface is only effected by the gravity
print though. As is showed in Section 2, we can
analysis the PSD of Zernike polynomialsseparately and
multiply them . We can also study the residual height
map after some terms removed.

On the other hand, if the mirror surface contains
mid-spatial frequency error, the according region will

raise, as shown in Fig. 5.
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Fig. 5 The PSD of four foil

In most conditions of large telescope testing, the
best way to specify the mid-high spatial frequency error
of the mirror is given as follows: evaluate the print by
the low order Zernike polynomials, after they are
removed, the residual component with higher frequency
will be analyzed by PSD method, representing the
atmosphere turbulence and roughness.

We use the testing result of a 1. 23 m reflecting
Institute of Optics, Fine

mirror in Changchun
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which is showed in Fig. 6. We can also obtain the
atmosphere turbulence in the according aperture by
Karman PSD.

Pix
Fig. 6
The 1. 23 m surface height map, with piston, tip/
tilt Zernike

1. 23 m mirror figure

items removed, 1is overlaid by the
atmosphere turbulence. We simulate the crosstalk
condition of the manufacture roughness and the

atmosphere turbulence as shown in Fig. 7.

Fig. 7 Coupling wave front error
By the means in Section 2, we plot the PSD of the
sample coupling with the Karman PSD of 4= 3 nm,
f,=0.01 rad/m, y=5 and 6=3 nm f, =0. 01 rad/m,
y=6 , in Fig. 8.
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Fig. 8 PSD of 1. 23 m mirror
As seen in the figure, We can draw a the
conclusion that for the adding of atmosphere
turbulence, the PSD curve raises, closer to the NTP .

On the other hand, as the PSD slope y decreases, the

middle frequency component increases.

The atmosphere turbulence cannot rise the high
spatial frequency part of the PSD curve, because the
band widthof the atmosphere turbulence is finite.

For the actual testing and error budget, we can
take all the factors into condition, such as atmosphere

turbulence, manufacture and metrology error

Additionally, with the NTP curve, we can consider the

error quantitatively.

4 Conclusion

For large aperture optical system, the mere

consideration for the roughness of the mirror itself is
not adequate. The influence of atmosphere, namely
seeing, must be placed significant.

Carrying out the calculation of the PSD to estimate
the middle and high spatial frequency aberration is an

effective  method for analyze seeing-limited large

telescope. Furthermore, we introduce the collapse

method to specify it more briefly and clearly. We
expect the reaserch can be halpful for the analysis of
optic surface and become a valuable reference for the
beginners in this field.
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