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Abstract: The Giant Steerable Science Mirror (GSSM) is the tertiary mirror system of the
Thirty Meter Telescope (TMT) that relays optical beams from the secondary mirror to active
instruments on Nasmyth platforms. One of the key technologies involved in GSSM functions
is the error budget allocation from the system engineering of TMT. A novel approach of error
analysis and allocation with strong adaptability, which is based on normalized Point Source
Sensitivity (PSSn), is proposed. The relay optical function including the quality of the
wavefront, the rationality of the mechanism, and the stability of the light were achieved based
on the proposed method. The experiments validate the proposed method.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The Thirty Meter Telescope (TMT) is a large telescope that has unique capabilities enabling it
to address questions that cannot be answered by current telescopes. With a 30 m primary
mirror, TMT has nine times the light-gathering ability and three times the linear resolution of
a Keck telescope, making it the second largest telescope in the world after E-ELT. The
combination of light-gathering power and resolution enhances the point-source sensitivity by
more than 80 times that of a 10-m telescope (sensitivity scales as D*). TMT is designed to
transmit light from 310 nm to 28,000 nm, allowing its instruments to characterize objects
using a broad range of multiple wavelength bands. Other large telescopes are not designed to
have such a broad wavelength coverage [1-6].

TMT is an international cooperation project initiated by the United States, Canada, Japan,
India, and China. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese
Academy of Sciences (CIOMP) is mainly responsible for the development of the TMT
tertiary mirror system, which is also called Giant Steerable Science Mirror (GSSM) as shown
in Fig. 1. As the largest elliptical plane mirror (3594 mm x 2536 mm x 100 mm), the GSSM
has not only the general light transmit function but also the precision pointing function [7—
10]. Therefore, GSSM has a unique optical relay function and it is faced with many technical
challenges. In order to reduce the risk of technology and construction, a scaled prototype is
developed to enhance the feasibility of optical relay function.

This paper is organized as follows: Section 2 presents the error analysis and allocation by
normalized point source sensitivity (PSSn). Section 3 presents the GSSM cell assembly and
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its measurement. PSSn was increased from 0.6791 to 0.7532 after warping harness correction.
Section 4 presents the GSSM positioner assembly and its measurement. The systematic
measurement error was 3” for the tilt axis and 2.3” for the rotation axis. At 0° zenith angle,
the repeatability error was 1.9 ”” and at 10° zenith angle, the error was 2.6”. Section 5 presents
the GSSMP jitter and its measurement. The tracking error, the main index for evaluation of
system jitter, was 13.3 mas (rotation) and 18.4 mas (tilt) in the form of RMS.
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Fig. 1. Configuration of TMT and GSSM. Since the system has many scientific instruments
located on both sides of the platform, the tertiary mirror along with the telescope pointing
movement will relay light beams to various science instruments.

2. Basic principle
2.1. Error analysis and allocation in GSSM

Building a large telescope with an aperture of 30 m and working near the diffraction limit is a
significant challenge for both design and construction.

PSSn utilizes the integral average in all areas of optical transfer function (OTF) and
considers the effects of the background. Additionally, PSSn has good composing
characteristics, which can easily cover a variety of error factors [11,12].

In the analysis of the synthesis characteristics of PSSn, according to the principle of
Taylor expansion, PSSn decreases due to the increase of the error, thus, the error

approximates the second order polynomial, assuming an error function€, (7) = a,7 * where a,
is a constant and 7 is the two-dimensional coordinates for the optical path difference (OPD)
(typically in meter units).

The composition error is shown in Eq. (1):

§=(e(7)e (7)) ~(& () {e: (7)) = aa ()= ()] ()
where () defines a new operator, average of atmosphere [13],
Since PSSn, = 1—<£,. (r)> ~1-a, <r2> , Eq. (1) can be expressed as Eq. (2):
-]
~ " (1-PSSn,)(1- PSSn,) =1.2119(1— PSSn, ) (1- PSSn,) ~ (2)

2

()

Since PSSn is relatively small, the error decreases as the number of synthetic items
increases, which is also an advantage of PSSn as an evaluation index. By probabilistically
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studying the Slope RMS, the probability distribution of the evaluation scale corresponding to
different components of the telescope can be obtained. Let i, j be the state i and state j, and

refers to the process from state i to state j. Assuming that its value is discrete, its distribution
rate is P(ll.j =1, ) . Using the eigenfunction M L (¢) of the probability density function, i.e., the

expectation of the moment generating function, the statistical moment of each random
variable can be obtained as shown in Eq. (3) [14],

ij

M, (1)=E(e")=Y " P(1, =1,) 3)

where ¢ is an independent variable of the characteristic function and is set to a real number.
The transfer function between the elements is set as 7, = F, M, (¢) using the properties of

the characteristic function M, (t) , where P, is the transition probability.

After modeling, the overall transfer function 77,,(X) of the system can be obtained.

Using the sequence expansion method of the cosine function, the probability density function
can approximate the numerical solution as shown in Eq. (4).

£ (k)= bia fln’; exp [_En;”] +T;,, exp (—\/b__l”;”ﬂcos(mﬂ-l[’; —a) @)

m=0 —a
The interval [a,b] =[min(x), max(x)] corresponds to the probability density function

Jr,;(X) . The cumulative probability is presented in Eq. (5).

p([i/ =)= ZfTOt (u) Q)

u=0

y

> and VAR(l,) can
also be obtained. Initial scale of the system is set to the atmospheric coherence length. Its
original probability distribution affects the statistical characteristics of the subsequent links.

According to previous research, the general process of error analysis and allocation of
GSSM can be obtained using the good synthetic and decomposing properties of PSSn to
determine the static and dynamic wavefront error and pointing error of the system. Using the
slope root mean square (Slope RMS), which is a computationally-friendly metric, establishes
the relationship between the actual working conditions of the telescope and PSSn.
Corresponding to the actual components, the connection between the abstract subsystems can
be statistically established and the likelihood function can be used to assist system engineers
to make decisions on error analysis and the allocation of large-aperture telescopes.

In the proposed process, we calculate the statistical moments of all orders (expectation,
variance). The probability model is key to completing these steps. Compared with the
traditionally used Gaussian process, the statistical characteristics are no longer independent or
identically distributed due to the influence of the system feature boundary conditions. Using
the stochastic engineering eigenvalue theory [15], complex random processes can be
expressed as the sum of a series of simpler random processes, which simplifies the analysis
process. Using the linear combination of stochastic processes to obtain a probability model
that conforms to the special boundary conditions, eigenvalues and the characteristic function
can be used to complete the model construction.

The following analysis shows the applications of the “Brownian bridge” process and the
allocation of large-aperture telescope errors. Error analysis and distribution are statistically
significant processes. An error evaluation index must evaluate the performance and consider

Since the method generates the transfer function of the system, <l "
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the statistical characteristics of the error. From a statistical point of view, PSSn can be a better
error distribution criterion. From a stochastic point of view, if a process reaches a certain state
with a probability of 1 after a few steps, it is called the Brownian bridge process and denoted

as B(t).
Similar to the Wiener process, the related function of the Brownian bridge process
satisfies Eq. (6) [16],

E[B(t)B(H—v)]:%—t(tTtv)

(6)

where T is the time to reach a certain state with probability 1. By solving the eigenvalues of
the stochastic process, we obtain Eq. (7),

\1'(1)=/1}E[B(z)3(z+v)]\}'(v)dv )

where W (t) is the characteristic function of the Brownian bridge process, which satisfies Eq.

(8) and A is the eigenvalue of the Brownian bridge process.

[w* (r)de =1 (8)

In fact, the Brownian bridge process can be obtained through the Wiener process W ()
B(t)=c[W(t)-tw(1)] )

where 0<7<1. The characteristics of W (¢) are shown in Eq. (10).

E[e"”“ﬂ = fsinc(v/2r (10)

We combine Eq. (9) with Eq. (10) to obtain Eq. (11):

E [efsz()] =F [e" (W2 (s 200 (W (0= M} =2e77" \/m (11

We take the logarithm on both sides of Eq. (11) to obtain Eq. (12).

E(B (t)):%O'th—ln(2)ln(sinc(\/2_t)) (12)

The error models that are completely independent of each other and that obey Gaussian
distribution are close to those of the Wiener process. Owing to different error models, the
variance of the system also changes. The Brownian bridge process considers the error chain
closure and can effectively reduce the overestimation in error analysis and assignment.

Assuming that A =k*, W () =sinkt , we define Brownian bridge in continuous time as
shown in Eq. (13).

< V2 .
B()= 3=, (0%, ()= 52 sin(am) x, (1) )
n=l TN
The Brownian bridge is expressed as a discrete process, i.e., the time to reach a certain
state with probability 1. Time is replaced by the number of transition steps as shown in Eq.
(14).
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N= lx/Esm (7in/ N)
< sin(zn/2N) "

Taking the segment tilt of the sparse-aperture telescope as the research objective, we can
evaluate the application of Brownian bridge in the error analysis and allocation of large-
aperture telescopes. Since there is a position sensor between the segments, the absolute
positional accuracy of each segment cannot be guaranteed. However, considering the loop
formed by any segments, the final position error must be the position measurement residual of
the sensor. In a Keck telescope, the tilt of the segment can be considered the local slope
change of the entire mirror in the calculation of the system scale. By using the relationship

between PSSn and RMS, the segment tilt PSSn can be derived by 1—PSSn = oo™ where o is
the RMS WFE and « is a proportional constant independent to 0. However, « is a function of
aberration frequency (correlation length of OPD) and atmosphere 7 .

B = (14)

Considering that the traditional RMS, PV and other indicators cannot reflect the frequency
domain characteristics of the mirror shape and Slope RMS can better reflect the intermediate
frequency characteristics of large-scale optical components. Slope RMS is selected as the
evaluation index of the mirror shape. Moreover, Slope RMS has a statistically significant
conversion relationship with PSSn, which also provides great convenience for converting the
surface error into the more comprehensive unified evaluation standard. The calculation
process of Slope RMS is simpler than PSSn and can reduce the system engineering
requirements for numerical calculation of the resources. Meanwhile, the slope field is a non-
conservative field and the integration result is related to the integration method and the path.
Therefore, it is very difficult to use slope information to recover the wave. We can combine
PSSn with the Slope RMS. By using the slope of the wavefront, an error model with higher
computational efficiency can be established to further improve the cost-effectiveness of
integrated detection.

The relationship between PSSn and Slope RMS is given by [17]

SlopeRMS* SlopeRMS*
1- PSSh = yo(ﬂj ’17[2 =y p/lz (15)

where ¥ = ury . u is a dimensionless constant, 7, is a Fried parameter, SlopeRMS is in units

of rad/m, and / is the wave-length in for computing the PSSn.

Using the formula shown as above, we can obtain an expression for PSSn under Brownian
bridge as shown in Eq. (16), where N is the number of transfer steps divided by the number of
error sources.

E(Bf):f%szopemsy(’]‘vj—m Zln(smc[ (’]”V”m (16)

n=0 n=0

Assuming that the error chain is completely closed, without considering the residual error,
the modified probabilistic model is presented as follow

NzoiSlopeRMSN() e Zln[smc[ (?m

2
1= PSSn. = e @”] — (17)
T

By establishing the mathematical model of the connection between PSSn and Slope RMS,
PSSn's good synthesis and decomposition characteristics and Slope RMS's computationally-
friendly properties can be effectively utilized. This model can effectively improve the
efficiency of error analysis and allocation in telescope design and construction.
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2.2. GSSM cell assembly (CA) measurement

The GSSM CA testing and evaluation process is shown in Fig. 2. First, interferometer data for
further processing are collected. Then, targets are set for coordinate system alignment and
error estimates. After putting the full mirror data together, according to the projection of the
system entrance pupil on GSSM, the footprint is intercepted. Prior to the interception of the
footprint, the elliptical mirror data should be circularized and the focus and astigmatism
should be calculated to characterize low-order surface aberration [18-22]. After cutting the
footprints and removing the own piston and tilt component, Slope RMS and PSSn are
evaluated using Eq. (18).

2
}O-S]{)p(?
. 2 2 . .
where yis 0.11m" /rad”, A is the wavelength (0.5 um), and o,,,,, is the Slope RMS.
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Fig. 2. GSSM CA testing and evaluation process. The evaluation index of 30-m telescope
tertiary mirrors is based on slope and its evaluation is in sub-apertures.

Slope RMS is easy to calculate and associated with many traditional indices, as shown in
Fig. 3. Spherical aberration produced by a single-aperture telescope under the action of a

thermal load can be taken as an example. The overall wavefront @, (x,y) is shown as
@, (x,3) =0, V5(6p" —6p” +1) (19)

where p is the radius of wavefront and ¢, is the first-order spherical aberration coefficient

of the overall wavefront defined by Noll. The slope of the spherical aberration of the overall
wavefront in x/y direction are expressed by

@5, . (x.y)=0,V5(120° cos#—12pcos ) (20)
‘Dng(X,J’)=0!11\/§(12p3 sin6’—12psin¢9) Q1)

The average slope of the overall wavefront spherical aberration is shown in Eq. (22).

(@3 (x.))=(®5,, (%)) =0 (22)
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The slope of the overall wavefront spherical aberration is shown in Eq. (23), where R
denotes the wavefront radius.

<(<1>§p,,7x )2> = <(q>§ph7y )2> =20’ R* (45R* ~120R* +90) (23)

The Slope RMS represented by polar coordinates can be obtained by Eq. (24).

oy, \/<(<1>§,,,u )2>+<(c1>§,,hfy )2> =20, R\45R* —120R> +90 (24)

Considering the normalized properties of the Zernike polynomial, the ratio of the Slope
RMS to the RMS is given by Eq. (25).

O.Slo

=V2RV45R* —~120R> +90 (25)

O-RMS

15 ‘
10 \ :',

61}

7 [Normalized length
7/Normalized length

(a)

Fig. 3. Relationship between the optical error of the system and the Slope RMS of the system:
(a) The initial spherical aberration of the system (b) Slope RMS.

In order to balance accuracy and cost, the subaperture stitching technology is introduced
for large planar mirror testing. Similar to the region-based wavefront reconstruction method,
which has a certain overlap between various subapertures, the relative piston and relative tilt
between each subaperture should be considered [23-25]. For the general measurement

system, the measurement data of the system is overdetermined. The most common model is
the Gauss Markov model [26]:

Ly, = AX +A 26
E(A)=0:cov(A) =02 P" (26)

where L, is the measurement matrix, 4 is matrix of coefficients, X is the matrix of

principal parameters, A is the observation error matrix, o, is the matrix of parent unit
weight, and P is the weight matrix.

The true difference vector can be estimated using e=X—x .

Considering the least squares solution X =(ATPA)_1 A"PL,, , due to its unbiased

nature bias(X)=0, the estimated mean square error is:

E(eTe) = trace] var (%,5) | 27
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Setting up additional systems with all the parameters X = (x,,x, ) :

Lpss, = (4, 4,) (%%, )T +A
E(A)=0;cov(A)=0, P

where N,, = 4' P4,, N,, = A' PA,, N,, = 4, PA, . Equation (27) is rewritten as Eq. (28):

E

basic

(eTe) _ O'étl"ace[N;ll + (N1711N12 )T QX2X2 NilN12:| (28)

where O, = P~ AN;' 47,0, , =(ATPQ,P"4,) .

The estimation of the reduced parameter model is obtained as X, = (AIT P4 )_1 A'PL,, .

The estimated mean square error is given by

E (ere) = O'(ftrace[Nf]l + (NZINI]l )T M (N21Nﬂl )} + trace[(N,’,llexZT )T (Nf,llexZT )} (29)
whereM = N,, — NN,/ N,, .
Adjusting the model by using the orthogonal base, Eq. (29) can be simplified.

AE=E, . (eTe)—Emb (eTe) (30)
When |P|=1, then (B, +P,+-+P,)n=]]P,=1 and for the diagonal matrix,

o,trace(P) 2 no, .
By selecting the proper coordinate origin as E(x,)=0 to make it x,Xxi =n,0., and

o, z[(n—nz)of1 +n20'f2]/n then,

AE=FE

basic (ere) -E, (eTe) 2 nO'(f _nzo-fz = (n 1 ) 0-31 (1)

In actual testing, noise reduction is an important step. Generally, it can adapt the method
of averaging on a small scale to constrain noise or it can use a filtering process such as the
singular value method. Using a singular value, it understands the system's main component
and constrains the noise [27-31].

The basic method to consider exposure time is to use the exposure function to add window
processing in the calculation of the system frequency domain metric. Exposure time can be
considered when using the wavefront power spectrum to calculate the RMS.

o’ (7) =/j PSD(f)[1-sinc (zf) ] df (32)

where [ is the space frequency, o is the error RMS, 7 is the exposure time, and PSD( f) is

the wave front error power spectrum. The integral region is [0, f,] . According to the method

of processing exposure time introduced in Eq. (32), the final expression of PSSn can be
obtained by

PSSn, :H}gg(l—jf*' B(f)[1-sine’ (rf)]PSD(f)znfdf) (33)
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1
ur, f* (f <—circle/ rad)
¥
where f(f)= 10 :
2 (f =—circle/ rad)
Ty
According to the traditional method, the large-aperture planar mirror will improve its own
requirements to realize the expected function in increasingly complicated working conditions.
Warping harness, which is a large-flat mirror assembly technology, can correct the
deformation caused by gravity and heat load under a single working condition. The warping
method is based on the linear theory, which is used to add the results of the individual actions
of various torque actuators directly. The Giant Steerable Science Mirror Prototype (GSSMP)
mirror figure correction process is shown in Fig. 4.
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v v v as the polynomials to = PSSn refers to normalized Piont
$ . S Sensitivity
represent the mechanical OUISE SEnSIity
deformations in the mirror.

Fig. 4. GSSMP mirror figure correction. For the later moment correction, it is important to
shift the actual pivot position in space. For a single gravity condition, it can be balanced by
drilling.
System performance index is set to PSSn . The change in the performance index is and the
correct torque is Au . The system performance index PSSn can be derived through Taylor
expansion by

JPSSn
Jdu

APSSn =

Au+o(Au’) (34)

To obtain the gradient of the performance, multiply Au’ on both sides of the Eq. (34).

JdPSSn
Jdu

(APSSnAW") = < AuAu” > + <0 (AuAu’ )> (35)
The elements in Au are independent and evenly distributed and RMS of Au is o . Equation

(36) outputs the unbiased estimation of the gradient of the evaluation index by the statistical
rule.

<aPSSn

. > = (APSSnA" )/ 07 (36)

u"' =u" +APSSnAu’ / 6° (37)
Using the mathematical model between Slope RMS and PSSn, the mathematical
relationship between the warning harness and the evaluation index of the mirror figure is
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derived, which theoretically illustrates the important role of the warning harness correction in
improving the figure quality of GSSM.

2.3. GSSM position assembly (PA) measurement

Large telescopes are subject to various motions such as the deformation of the tracking mount
of the telescope itself or the motion caused by the temperature gradient. The purpose of
calibration is to meet the TMT’s requirements and it is a procedure for removing unnecessary
systematic effects from measurements. Calibration allows the GSSM to achieve a higher level
of accuracy [32-36].

For GSSM, the rotation angle is

cos({)cos(IEA)sin([BA)+sin(§)sin([EA))

f=arct
arc tan( cos(/EA)cos(IBA)

and the tilt angle is @= 0.5arccos (—sin ({')cos (1/EA)sin (IBA)+ cos({)sin (IEA)), where § is

zenith angle of telescope, which is limited from 1° to 65° for observation, IEA and IBA are
Instrument Elevation Angle and Instrument Bearing Angle respectively.
cos(E)sin(IBA)/ cos(IBA)—sin(E)sin(IEA)/ [cos(IEA)cos(lBA)]

ﬁ—E‘

dt ([sin(E)cos([EA)sin(]BA)+cos(E)sin(1EA)]cos(IBA)/cos(lEA))z+l

and
o _ . sin(E)cos(IEA)sin(IBA)+cos(E)sin(IEA)
dt 2sin (acos(—cos(E) cos(IEA)sin (IBA)+sin(E) sin(]EA)))

(39)

where E is the telescope elevation angle, E is telescope elevation angular velocity, and
E,, =15.522arcsec/ sec .

In order to meet the stringent position accuracy requirements of GSSM, the calibration
accuracy level of GSSM is improved by establishing a mathematical model between GSSM
and IEA and IBA.

2.4. GSSM jitter measurement

GSSM collects light and transmits it to the instruments located on each side of the platform.
Because of its long transmission distance, the influence of jitter is larger in GSSM than in
SOAR and VISTA (both 4-m telescopes) with more complex requirements. Jitter feature
plays an important role in the completion of GSSM system functions. In order to evaluate the
light relay function, GSSM needs to integrate the acceleration signal into the angular
displacement signal [37—41].

3. Experiment
3.1. GSSM position assembly (PA) measurement

In order to better realize the relay optical function of GSSM, TMT has set many requirements
for GSSM's motion. To verify these motion requirements, all the precision specifications of
GSSM are based on the rigid body displacement of the plane mirror and then the relay
function of the light is converted. By collecting basic geometric elements, a simpler and more
convenient model can be built. The rotation of the mirror axis is used to define the
coordinates of the x-y plane and z axis.

Calibration is performed to set or correct a measuring device or the base level by adjusting
it to match a trusted and constant measurement. The suppression part is the systematic error,
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thus, the repeatability error of a single point is important for the estimation of system error.
The pointing repeatability at different zenith angles is shown in Fig. 5. When zenith angle is
0, the repeatability is 1.9”” and when zenith angle is 10°, the repeatability is 2.6”.

Pointing repeatability
35
3
A —a - N o
25 "a ST 2 s i
L A4
2 b4

arc sec

[N

05

1 2 3 4 5 6 7 8 L] 10
Testing Step

Fig. 5. GSSMP pointing repeatability testing. Repeatability is the foundation of calibration.
The system of two axes disjoints and two axes are not perpendicular. Calibration can be used
for inhibition

The GSSM encoder readings are calibrated using lookup tables that adjust encoder
settings so that the correct pointing angles can be reached under varying gravity directions
and temperatures (Fig. 5). In GSSMP testing, the systematic measurement error is 11.9” for
the tilt axis and 9.2” for the rotation axis as shown in Fig. 6 (down left).

According to the design requirements of TMT, the M3 system (M3S) can rotate the M3
mirror about the Elevation Coordinate Reference System (ECRS) Z-axis to any angle within
the range of a repeatable residual M3 rotation error (after telescope calibration) less than 3.5”
RMS.
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Fig. 6. GSSMP calibration sketch. Using laser tracker, calibration precision can reach 10 arc
seconds. With the enlargement of the radius of bearings, its precision will improve
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3.2. GSSM jitter measurement

The jitter testing process is shown in Fig. 5, and the testing result is shown in Fig. 7.
Systematic jitter is 13.3 mas (rotation) and 18.4 mas (tilt) in the form of RMS, after high-pass
filters simulating tracking and adaptive optics (AO) corrections.
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Fig. 7. GSSMP jitter testing (a) the testing result: X-axis is sequence number of test and y-axis
is Jitter (mas) (b) the testing result of rotation axis (c) the testing result of tilt axis

The PSSn of GSSMP under different jitter levels can be obtained by the optical transfer
function (Fig. 8). The attenuation of PSSn with vibration is linear. GSSMP can be predicted
as PSSn at different jitter levels. Generally, for the ideal flat mirror under the influence of
vibration, there is a small motion, resulting in very short time averages as the actual optical
transfer function [42—47]. According to previous research, the optical transfer function of an
ideal system under vibration influence is 0 Bessel function of first kind.
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Fig. 8. GSSMP jitter influence on PSSn. For the telescope, when designing indicators related
to vibration, we need to consider the backend adaptive optics correction ability

3.3. Warping harness correction

In order to verify the effect of Warping Harness to correct the mirror shape of M3 in TMT,
calibration experiments were performed under six different work conditions (W1~W6) as
shown in Table 1 where the gravity load is minimum and maximum in three directions (X, Y,
Z), respectively.

Table 1. Warping harness in different work conditions

Before correction After correction
Work conditions

RMS/nm PSSn RMS/nm PSSn
Wi 57.1 0.7156 20.7 0.7869
w2 353 0.8688 13.1 0.9085
w3 8 0.9338 10.5 0.9627
W4 293 0.9235 10.9 0.9512
W5 554 0.7391 19.9 0.8078
W6 595 0.6791 217 0.7532

By comparing the results before and after the correction, the following conclusions can be
drawn:

1) In six different work conditions, the surface shape is increased by 71.79%(0.0713),
62.89%(0.0397), 62.5%(0.0289) 62.80%(0.0277), 64.08%(0.0687) and 63.53%
(0.0741) in RMS (or PSSn), respectively, after correcting by Warping Harness.
Warping harness can effectively improve the quality of mirror shape.

2) The smaller the angle between the direction of gravity and the z-axis in M3CRS, that
is, the larger the projected area of the mirror in the direction of gravity, the better the
correction effect of Warping Harness.
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The above conclusions directly indicate that Warping Harness has a great effect on the
quality of the mirror shape. Therefore, this method will be the preferred solution for semi-
active optics in tertiary mirror system.

4. Discussion

The GSSM has the function of relay optics with desired accuracy and stability. In the
stochastic process, each relay can be regarded as the transform of states. Combined with
PSSn, it can realize the reasonable representation of various conditions of GSSM and
facilitate the analysis and distribution of errors.

Due to the comprehensiveness of PSSn, the errors of different frequency bands can be
appropriately covered. PSSn can effectively reduce the “overestimation” phenomenon in error
analysis. Using the combination properties of PSSn, the error introduced by the mirror figure,
atmospheric seeing, jitter, and other error sources can be synthesized to establish the error
model of the system. The TMT M3 is a Giant Steerable Science Mirror system, which is the
largest elliptical planar mirror system in the world today. It has the light folding function of
the general flat and the precise pointing function, thus, it is necessary for the establishment of
the system error model. Bottom-up error allocation is a comprehensive evaluation method for
error sources based on an error evaluation metric, such as wavefront RMS, Slope RMS,
power spectrum, or structure function.

The top-down evaluation method refers to the first comprehensive and profound
understanding of each item in the error model. The top-down error evaluation method can
reasonably distribute the error of each subsystem in the system according to the prior
experience of the system engineers and it can effectively reduce the engineering cost and
technical difficulty, and improve the engineering efficiency and quality.

The bottom-up evaluation method refers to the way in which the error distribution is
performed from bottom to top according to the error distribution value of each end link in the
error model. The bottom-up error distribution method can verify the error precision that the
whole system can achieve in perfect operation according to the error precision actually
achieved by each subsystem. The index precision can be approximated as the accuracy that
can be achieved by the entire system when each subsystem is perfectly cooperative.

PSSn uses the integral average of all regions of the optical transfer function and fully
considers the influence of the background on the optical energy transfer. Therefore, the top-
down evaluation method can fully evaluate the imaging quality of the system. In contrast,
PSSn has good linear synthesis characteristics, can be simple, and comprehensive errors
under various influence factors can be obtained.

Note the unique advantages of top-down and bottom-up, and PSSn has good
computational friendliness. Taking full advantage of the advantages of both, PSSn is used as
an evaluation index to achieve a more scientific and effective error distribution for the error
model. Firstly, the PSSn of each subsystem is roughly allocated according to the top-down
evaluation method, and then the PSSn of the subsystem is verified by the experiment, and the
rationality of the previously allocated PSSn is fully evaluated according to the bottom-up
error evaluation method and the PSSn allocation is iterated. In this way, the effectiveness and
rationality of error distribution can be greatly improved.

First, based on the prior engineering experience of the subsystem engineers, the system
engineer performs preliminary error distribution on each subsystem. Note that the error
distribution may not be perfect at this time. Then, the subsystem engineer performs
experiments on the subsystem to obtain the results. The error accuracy that the system can
actually achieve is then fed back to the system engineer. Based on the initial error distribution
value and the actual error accuracy of the feedback by subsystem engineers, the system
engineer fully considers the costs and technical risk in each subsystem, and appropriately
adjusts and redistributes the error of each subsystem to achieve the adaptation and
equalization of the error distribution of each subsystem. In this way, costs can be saved to the
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maximum, technical risks can be avoided, and the efficiency and quality of error distribution
can be greatly improved.

Considering the fact that the error is generally Gaussian with a mean of 0, we use PSSn as
the evaluation index, establish the error distribution model based on the random statistical
theory of Brownian bridge, and apply the method to the analysis and allocation of GSSM
error. The feasibility of the model is proved.

The three error sources most relevant to the implementation of the optical relay function
of GSSM are the rationality of the mechanism, the stability of the light and the quality of the
wavefront. We conducted related experiments on the three error sources considered above.
The experimental results show the effectiveness and feasibility of the proposed method. The
testing results are summarized as shown in Table 2.

Table 2. The testing results of GSSMP

Item Function Meajllggénent Verification Test results Discussion
The experimental
Rationality of The systematic medtho%lts) VCI‘lf(lied
the Mechanism Autocollimator + Analysis + measurement error an hWII © use
(Position Laser Tracker Testing 11.9” @tilt axis in the larger size
Assembly) 9.2” @rotation axis OfGSSM to meet
the requirements
of TMT.
The experimental
method is verified
Stability of the Accelerometer + RMS 13.3 mas and will be used
Relay Light (Jitter) Bassel Function + Testing @Rotate RMS 18.4 | in the larger size
optical PSSn mas @Tilt of GSSM to meet
function the requirements
of TMT.
The final surface 1) The method is
shape is increased feasible and
Quality of the Slope RMS + by 71.79%@W1 effective.
Wavefront (Cell Subaperture Analysis + 62.89%@W2, 2) Warping
Assembly, + stitching + Tes}t]in 62.5%@W3, Harness is
Warping Warping Harness J 62.80%@W4, effective for
Harness) +PSSn 64.08%@WS5, and improving the
63.53% @W6 in surface accuracy
PSSn of the GSSM.

5. Conclusion

In conclusion, a novel mathematical model is established, and the mathematical relationship
between the influence function of warping harness and PSSn is derived. It makes full use of
the good synthesis and decomposition characteristics of PSSn and utilizes the good
computational properties of Slope RMS to establish a bridge between the two indicators,
providing system engineers with a good tool of error analysis and distribution. In addition, we
also proposed an iterative method combining top-down evaluation method and bottom-up
evaluation method which can fully evaluate the imaging quality of the system.

The validity and simplicity of the error analysis and allocation model are proved. The
numerical simulations and experiments validate the effectiveness of our proposed error
analysis and allocation method. The development of full-size GSSM faces world-recognized
technological challenges. The experimental data of GSSMP can demonstrate the feasibility of
our proposed technical processes and solutions, and lay a solid technical foundation for the
next step to establish a full-size GSSM, which will greatly enhance our confidence to
complete it in the future.

For a precision relay optical system, calibration can greatly reduce the construction cost.
The pre-construction results of GSSM also provide substantial principle and experimental
support to the research and development of the actual tertiary mirror system of TMT.
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