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Abstract: In this paper, the Zernike coefficient is analytically expressed as the product of the
dependence of aberration field decenter vectors (related with perturbations) and the
dependence of fields of view (FOVSs), on the frame work of nodal aberration theory (NAT).
By expanding and analyzing this expression, an alignment strategy by optical compensation
for the perturbed on-axis or off-axis telescope is presented. Specifically, two cases,
corresponding to the misalignment of tertiary mirror (TM) and the deformation of primary
mirror (PM), respectively, are discussed for the same three mirror anastigmatic (TMA)
telescope. Here the misaligned TM and the deformed PM are compensated only by aligning
secondary mirror (SM). By analyzing the aberration field after compensation with the
nominal, it is found that either PM or TM can be compensated by SM. It is also found TM is
more easily compensated than PM. In the end, the NAT method developed here used for
optical compensation is compared to merit function regression (MFR) method and sensitivity
table method (STM). By comparing NAT method with MFR method, it is shown that the
calculated correction values of SM based on NAT method is very close to the referred values
obtained from MFR method. It proves the correctness of NAT method developed here. By
comparing NAT method with STM, it demonstrates that the computation accuracy of NAT
method is much higher in poor conditions and NAT method is less sensitive to measurement
errors. It is further illustrated that the theory of optical compensation by SM developed here is
correct and applicable.
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1. Introduction

Compared to other classes of astronomical telescopes, three mirror anastigmatic (TMA)
telescopes, either on-axis [1,2] or off-axis [3,4], own less optical elements while maintaining
perfect optical performance. For this reason, the main optical system of some astronomical
telescopes is designed as TMA type. The famous one is JWST [5]. Generally, the image
quality of astronomical telescopes is always required to be perfect in operating condition. But
astronomical telescopes are easily perturbed because of vibration, thermal variation and other
factors, resulting that the image quality is severely degraded. To maintain the image quality,
the perturbed telescope needs to be aligned on orbit, which can be realized by integrating an
active optical system.

In active optics [6,7], the optimal alignment strategy is system recovery, which means the
aligned system is same as the designed. To realize it, all the optical elements must have
adjustment mechanisms. It is ill-considered in the engineering. Actually, there is no need to
equip adjusting mechanism with every optical element. The purpose of optical alignment in
active optics is to optimize the image quality of the perturbed telescope, which can also be
realized by system compensation [8,9]. For TMA telescopes, the size of secondary mirror
(SM) is much smaller than that of primary mirror (PM) and tertiary mirror (TM). So SM is
more easily adjusted. If the perturbed system can be compensated to meet the required optical
performance by SM, then only SM needs to be adjusted. It is the most practical alignment
strategy.

To finish system compensation, the correction values (adjusting values) should be first
determined. To determine these correction values, several alignment algorithms have been
studied, for instance, sensitivity table method (STM), merit function regression (MFR)
method and nodal aberration theory (NAT) method. Among them, STM [10], which is based
on the sensitivity of perturbation parameters to wave-front, is commonly used (including
Zernike coefficient sensitivity, RMS wave-front error sensitivity, MTF sensitivity). In this
method, all the sensitivities are linear approximate. If the perturbed wave-fronts are linearly
varying to perturbations with respect to the nominal wave-front, the calculated perturbations
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based on STM are accurate. But with the increase of perturbation ranges, the linear
relationship between them will be broken, resulting that the calculated perturbations based on
the nominal sensitivity may be inaccurate. Meanwhile, perturbation parameters may be
coupled together for some optical systems. That means the sensitivity of this kind of systems
is singular. As a result, the calculated perturbations are also likely to be inaccurate. To obtain
the correct results, more cycles (iterations) are needed. Therefore, the usefulness of STM is
limited to some extent. For MFR method [11], it is similar to STM. When merit function is
determined, the optimal results can be obtained by several or more iterated STMs. The
difference is that sensitivity in STM remains unchanged in the process of reverse-
optimization, while sensitivity in MFR method always changes after each cycle. That’s
because the sensitivity in MFR method is obtained from the optimized system, while the
optimized system is always changing before reverse-optimization is finished. MFR method is
mostly used in optical design software. So it’s easily realized on the ground. But it’s hard to
be realized on-orbit except that the measurement data can be transferred to the ground
continuously. For NAT method [12-16], it is completely different from STM and MFR
method. STM and MFR method are numerical, while NAT method is analytical. The inherent
analytical characteristic of NAT method can overcome the shortcomings of STM and MFR
method. Specially, the computation accuracy of NAT method is much higher than STM.
Meantime, it is less sensitive to wave-front measurement errors. Based on these features,
NAT method has been widely studied recently. Ju [12] computed astigmatic and trefoil figure
errors and misalignments for the on-axis two-mirror telescope using NAT method. Gu [13]
aligned an on-axis three-mirror anastigmatic telescope using NAT method. Sebag and
Gressler [14] made a Large Synoptic Survey Telescope (LSST) alignment plan based on NAT
method. Jiang [15] and Zhang [16] aligned the off-axis telescope based on NAT method. But
NAT method was only studied for system recovery before. To compensate the perturbed
telescope using NAT method, some new work should be done.

2. The principle of system compensation based on nodal aberration theory

Theoretically, the compensated system is still perturbed (That’s because the optical system
after compensation is not same as the designed). Therefore, nodal aberration theory [12-21],
which describes the aberration field of the perturbed system, is also suitable for the
compensated system. By introducing aberration field decenter vectors, wave aberration for
the perturbed system is expressed as

W= W), [(H-6)-(H-6)]"[p-5]' [(H-5))-5]
k=2p+m,l=2n+m

where H is the normalized field vector, p is the normalized pupil vector, o; is the
introduced aberration field decenter vector of surface j, (Wklm)j is the corresponding wave

aberration coefficient. Note that Eq. (1) only describes the aberration field of on-axis system.

For off-axis system, the normalized pupil vector p in Eg. (1) should be replaced

by(B,5+ﬁ) . The meanings of B and h are referred to Eqg. (3) in [16].

In Eq. (1), it can be found that the aberration field of the perturbed system is not linear to
aberration field decenter vector. So an idea is presented that the aberration field of the
perturbed system can be expanded according to the dependence of aberration field decenter
vector. Combined with [22], wave aberration for the perturbed system is modified as

W3 TN (HoHy) A (5.6,) | Z (p0). @
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where

SE TS (M, )l (6,6,) ~C(H, ). ®

Z(p,p) is the Zernike term, C(Hx, Hy) is the corresponding Zernike coefficient, H, and

H, are the x-component and y-component of H . o, and o, are the x-component and y-
component of &, p and ¢ are the components of p, g denotes the power of aberration
field decenter vector. A (5X,&y) is a vector describing the dependence of aberration field

decenter vector, £, (Hx, Hy) is a vector describing the corresponding dependence of field of
view (FOV). Equation (3) can be further expanded, which is followed by

M., <A (M, A (55 (M) ().
fom (HoH,y )45, (6,6, ) +else

where £,2 (H, Hy)-ﬁf,m (6,,0,) denotes the intrinsic property of optical system, which is

the residual error of the nominal design. else denotes the high-order term of & that can be
elided, that’s because the value of & is relatively small. Then the rest denotes the aberration

difference before and after system alignment. It should be set to be zero to optimize the
perturbed system, which is expressed as

.fk%m (Hx’ Hy)"ilflm (5x'6y)+ﬂfm (Hx’ Hy)"‘ikzlm (5)(,5),):0, (5)

For system recovery, the value of o is zero for the recovered system. Equation (5) is
absolutely correct. But for system compensation, the value of & is not zero for the
compensated system. To determine the value of o, Eq. (5) needs to be solved. Note that

AL (6X,5y) is not only the function of aberration field decenter vectors, but also the

function of figure errors in PM.

For TMA telescopes, all the optical elements (PM, SM and TM) might be perturbed on-
orbit. Assuming that only SM is equipped with adjusting mechanism, then aberrations
induced from the deformed PM and the misaligned TM need to be compensated by SM to
align the perturbed telescope. The deformed PM and the misaligned TM will be discussed to
be compensated, respectively, in the following two sections.

3. System compensation of the TMA telescope with misalighed TM
The basic theory of determining correction values of SM when TM is misaligned

In this section, the misaligned TM will be firstly discussed. Without figure errors in PM, the
higher-order term in Eqg. (5) can be further elided. Then Eq. (5) is simplified as

fk}m(Hx’H)’)./Iljlm(gx'éy)zo' (6)
Considering the dependence of FOVs, Eq. (6) can be further simplified, which is expressed as
Iii-lm (&xla-y) :0. (7)

Note that
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W(sph) — (sph) +W(asph) —(asph) +W(sph) —(sph) +W(asph) 6_(asph)

kim,sM O sM x kim,5M O sM x kim, ™™ O™ x kim, ™™ OTM x ®)

A4 (6,.6,)= ,
h) —(sph h) — h h) —(sph h) — h
W GG F W) GG + WL G + Wi G

sph asph H AT sph asph
where W'y, &W,i s, are the wave aberration coefficients of SM, WPl &W, i are the
wave aberration coefficients of TM, both of them are constant for an optical system.
—sph —>asph —>sph —~asph H H
O x &gy &gy , &gy, are the components of aberration field decenter vectors of SM,
—>sph —»asph —>sph —-asph H H
O x &y &om , &aopyy are the components of aberration field decenter vectors of TM,

sph and asph denote the spherical and aspherical contributions, respectively.
On the premise that the misalignments of TM are known, the aberration field decenter
vectors of TM can be accurately expressed based on NAT. The expressions are followed by

~sph FX+C'6-§E:I],X —asph _ Ex+D'5-§R/:],x
TMX Omwx— " o5
2 | R ©)
6sph - Fy +C ’ O-SM,y 6asph — Ey + D : O-SM,y
™y ™,y - 5
Q R
where
Q= |:CTM (dz - d1)+ 2Cgy (CTM dd, + d1)+1:|UPM
R=[d,+d,(2cq,d, ~1) |T,, o)
C =2(1+cpyd, )(1+Cg, 0, ) Upy,
D =2d, (1+Cg d, ) Tpy,
E, = XDE,,
F. = ¢ XDEy, —BDE, (11)
E, =YDE,,

F, = ¢, YDE,,, + ADE,,

Here U, is the paraxial chief ray incident angle at PM, d, and d, are the thickness of PM
and SM, c¢, and c,, are the curvature of SM and TM, they are all
constant. XDE,,, &YDE,,, & ADE,,, & BDE,,, are the misalignments of TM. Then Eq. (7)
can be expanded as

sph C sph D asph —(sph asph) —(asph Fx sph Ex asph
(Wk(lmp,S)M +6Wk(lmp,T)M + Ewk(lmm Ggr\;)l +Wk(lm,pSl\3I GéMF,Jx) + awk(lmp,T)M +ka(lm,g'l\2l =0

(Wk(.fnp?M L Cyyem Dy ] G o) glem | Bwen L Byen _g
) Q )

klm,T™M kim,T™M klm,SM ~ SM , klm,T™M klm,T™M
R Y Q R
(12)

As is known, third-order aberrations are dominating for the perturbed telescope, especially
third-order astigmatism and third-order coma. To align the perturbed telescope, third-order
aberrations must be corrected after compensation. That means third-order astigmatism (W,,, )
and third-order coma (W,,, ) are considered in Eq. (12). Then Eq. (12) can be expressed by
two matrices, which are followed by
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[ sph C sph D asph asph _Fx sph Ex asph
Wz(zg,s)lvl + _WZ(ZS,T)M +_W2(22,pn3| Wz(zz,psnal —(sph) _W2(2§,T)M + _Wz(zz,iral
Q R Osm x Q R
(sph) C (sph) D (asph) (asph) &(aSph) T Fx (sph) Ex (asph) ' (13)
W131,SM + 6W131,TM +EW131,TM W131,SM SM.x 6W131,TM + FWBLTM
[ h C h D h h ] 'F h h 1
WZ(ZSSS)M + 6WZ(ZS§T)M + sz(zazs,pn:l Wz(zazsps& &(sph) Eywz(zszp,T)M + waz(zazs,pﬂzl
SM,y
= .(14)
W EW (sph) EW (asph) ypy (asph) f g:lns,pyh) F W o) E, AG:
131,5M Q 131,T™ R 131,T™ 131,5M 6 131,T™ +F 131,T™

By solving Eqgs. (13) and (14), the aberration field vectors of SM can be determined. Then the
correction values of SM ( XDE,, &YDE,, & ADE,, & BDE,,, ) can be determined based on

the following equation.

XDESM = —Upy dlggi/lsr,):)
YDESM = —Upy d16-é:/|sr,)3)
ADE, =-U,, (1+ Csm dl ) 5-Svlph3/ —Cgu YDEgy, (15)

B

—i0 —(sph)
DESM - UPM (1+CSM dl)o-SM,x +CSMYDESM
Examples of compensating the misaligned TM for both on-axis and off-axis TMA

telescopes

As described above, the correction values of SM used for compensating the misaligned TM
can be accurately determined based on Egs. (13)-(15). In this subsection, an on-axis TMA
telescope and an off-axis TMA telescope are selected to validate this compensation principle.
The on-axis TMA telescope is referred to [16]. It is a 6.6m F/14 telescope with a 0.3° x 0.15°
FOV and a 0.18° field offset. The off-axis TMA telescope is referred to [16]. It is a 600mm
F/10 telescope with a 2.75° x 0.25° FOV and a —0.3° field offset. Their aperture stops are
both located at PM. The optical layout of them is shown in Fig. 1. The optical prescriptions of
them are listed in Table 1 and Table 2, respectively. The wave aberration coefficients of SM
and TM of them are listed in Table 3 and Table 4, respectively.

(b)

(a)

Fig. 1. The optical layout of the selected TMA telescopes (a) the on-axis TMA telescope (b)
the off-axis telescope.
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Table 1. Optical prescription of the selected on-axis TMA telescope

Surface Type Conic constant Radius(mm) Thickness(mm)
PM(stop) Conic —0.9948 —-16287.099 —7170
SM Conic -1.8351 —2317.426 7965
™ Conic —0.7202 —2702.327 —1845
Folding mirror Infinity 3006.205
Image Plane Infinity

Table 2. Optical prescription of the selected off-axis TMA telescope

Surface Type Conic constant Radius(mm) Thickness(mm)
PM(stop) Conic -- —3600.41 —1551.777
SM Conic -- —910.903 1558.7

™ Conic -- —1219.431 —1533.359
Image Plane Infinity

Table 3. Wave aberration coefficients of SM and TM for the selected on-axis TMA
telescope

(sph) (asph) (sph) (asph) (sph) (asph) (sph) (asph)
W222,SM 14 W222,SM 14 szz,TM 12 szz,TM 14 W131,SM 14 W131,SM 14 WlSl,TM 14 \N131,TM /

-2.9114 3.0514 3.9028 —5.7613 31.9156 32.0651 0.8899 2.0713
Note that the wavelength in the selected on-axis TMA telescope is 10600nm.

Table 4. Wave aberration coefficients of SM and TM for the selected off-axis TMA
telescope

(sph) (asph) (sph) (asph) (sph) (asph) (sph) (asph)
W222,SM 12 szz,srvl 12 szz,TM 12 szz,TM 12 W131,SM 12 W131,SM 12 W131,TM 14 Vvl31,TM /

386.959
0

—87.0055 166.7856 190.4173 —424.6751 390.3568 445.3313 98.1885

Note that the wavelength in the selected off-axis TMA telescope is 650nm.

In the process of system compensation, only astigmatic field (W,,,) and comatic field
( Wy, ) are considered above. Their corresponding Fringe Zernike coefficients are
C,,, (astigmatism) and C,,, (coma), respectively. By calculating these coefficients of each

FOV, astigmatic field and comatic field can be characterized through Full-Field-Display
(FFD). As shown in Fig. 2 and Fig. 3, the nominal astigmatic field and comatic field for on-
axis TMA telescope and off-axis TMA telescope are visualized.

(a) ) _0.02 waves (10600nm) (b) 0.02 waves (10600nm)
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Fig. 2. FFDs of the Fringe Zernike coefficients for the nominal on-axis TMA telescope (a)
C5 /¢ (astigmatism) (average value = 0.00182) (b) C7 15 (coma) (average value = 0.0017).
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Fig. 3. FFDs of the Fringe Zernike coefficients for the nominal off-axis TMA telescope (a)
C5 /¢ (astigmatism) (average value = 0.11832) (b) C7 /g (coma) (average value = 0.0327}).

In active optics, the values of misalignments are very small. Generally, lateral
misalignments (XDE&YDE) are on the level of micrometers, and angular misalignments
(ADE&BDE) are on the level of arccseconds. In this subsection, the introduced misalignments
of TM are listed in Table 5. The values are same for on-axis TMA telescope and off-axis
TMA telescope. Based on the compensation principle, the correction values of SM can be
calculated. They are listed in Table 6. Meantime, the astigmatic field and comatic field after
misalignment and compensation for the two TMA telescopes are characterized and visualized
in Figs. 4-7.

Table 5. The introduced misalignments of TM for on-axis TMA telescope and off-axis

TMA telescope
XDE,, /mm | YDE,, /mm | ADE,, /° | BDE,, /°
0.06 -0.04 —0.005 0.005

Table 6. The calculated correction values of SM for adjusting the misaligned TM of on-
axis TMA telescope and off-axis TMA telescope

XDE,, /mm | YDE,, /mm | ADE,, /° | BDE,, /°

On-axis TMA telescope —0.0201 —0.0196 —0.001057 0.001047
Off-axis TMA telescope —0.0461 —0.0259 —0.002948 0.003842
i@ 0.02 waves (10600nm) :él (b) 0.02 waves (10600nm)
_:, 0.25f = -; 0.25
;2 0.2 E; 0.2
: ?in 0.15
; 0.1
‘ -0.15 -0).1 -0.05 (‘) 0.65 OJI 0. )lf -O..Iﬁ -0.1 -0.65 0 0.2)5 0).1 0.15
X Field Angle in Object Space - degrees X Field Angle in Object Space - degrees

Fig. 4. FFDs of the Fringe Zernike coefficients Cs,6 for the on-axis TMA telescope after

misalignment and compensation (a) misalignment (average value = 0.0034) (b) compensation
(average value = 0.00181).
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(average value = 0.00174).
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Fig. 7. FFDs of the Fringe Zernike coefficients C7,8 for the off-axis TMA telescope after

misalignment and compensation (a) misalignment (average value = 0.03321) (b) compensation
(average value = 0.03311).

From Figs. 4-7, it can be found that more astigmatic aberrations but less comatic
aberrations are induced from TM misalignment. Compared Fig. 4-5 with Fig. 2, it is shown
that the astigmatic aberrations and comatic aberrations induced from the misaligned TM can
be accurately compensated by adjusting SM for the on-axis TMA telescope. The same
conclusion can also be made for the off-axis TMA telescope by comparing Figs. 6 and 7 with
Fig. 3.
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4. System compensation of the TMA telescope with deformed PM
The basic theory of determining correction values of SM when PM is deformed

In this section, the deformed PM will be discussed. For primary mirror (the aperture stop for
the selected TMA telescopes), the common figure errors are astigmatism induced from
mounting. To compensate the astigmatic figure errors in PM, Eq. (5) also needs to be
established.

In Eqg. (5), there exist linear term and quadratic term. The linear term is only the function
of aberration field decenter vectors. While the quadratic term is not only the function of
aberration field decenter vectors, but also the function of astigmatic figure errors in PM
(referred to [23]). In the process of TM compensation, only the linear term is considered, the
quadratic term can be ignored as described in section 3. But for the compensation of the
deformed PM, both linear term and quadratic term need to be considered.

Similar to the compensation of the misaligned TM, only third order astigmatism and third
order coma will be corrected in the process of PM compensation. Considering the
contributions from astigmatic figure errors in PM, Eqg. (5) can be expressed by two equations,
which are followed by

f‘lél(Hx'Hy).‘illiil(&x'&y)zo’ (16)
ﬁlZZ(Hx' Hy)"‘iizz (&x’&y)-’_-fz;z(Hx' Hy)"‘izzzz (6-><’6-y):01 (17)

~ —2H, 2H, ] - 1 0] - . 1 - 4| CH

where f2122 (Hx, Hy) =B? |:—2Hy —ZHYX}féZ (ny Hy) =B? |:0 1:|,A2222 (UX,O'V) ] EAzzzz,Fig :B2|:C:F;’\ZZ )
B is the scaling factor for off-axis system, its value is 1 for on-axis system, C.y;, and Cg
denote the astigmatic figure errors in PM. Equation (16) is just a special case of Eq. (6). It can
be simplified to Eq. (7), where klm = 131. That means the x-component and y-component of

Afal(&x,&y) are 0. Equation (17) is much more complicated. Considering the dependence of
FOV, it can be expanded by

{_Hx H, } /izlzm (6_X’6Y) 2 {C;gig:l (18)
_Hy _HX ‘iézz,y (5-x’6-Y) BZ C;’\'fig
Based on Eq. (18), the x-component and y-component of /ﬂzz(&X,&y) can be determined.

Note that the solution of Eqg. (18) is least squared. By combining 21131(&x,5y) and

Ay, (&X,&y) , the aberration field decenter vectors of SM can be determined referred to Eqgs.

(8)-(12). Note that TM is not misaligned in this section. The values of all the quantities in Eq.
(11) are equal 0. On the premise that the astigmatic figure errors of PM are known, the
aberration field decenter vectors of SM used for compensating the deformed PM can be
determined by

wen L Cyen L Dyyasn o)
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Then the correction values of SM ( XDE,,, &YDE,,, & ADE,, & BDE,,, ) can be determined
based on Eq. (15).

Examples of compensating the deformed PM for both on-axis and off-axis TMA
telescopes

Based on the derived theory above, the correction values of SM for compensating the
deformed PM can be determined. To validate the compensation theory, the same on-axis
TMA telescope and off-axis TMA telescope mentioned in section 3 are simulated. The
introduced astigmatic figure errors of PM are listed in Table 7, the values of which are same
for on-axis TMA telescope and off-axis TMA telescope. The calculated correction values of
SM are listed in Table 8. Meantime, the astigmatic field after deformation and compensation
for the two TMA telescopes is characterized and visualized in Fig. 8 and Fig. 9. Note that the
comatic field is not characterized here. That’s because the astigmatic figure errors of PM do
not have contributions to comatic field. And the comatic field has a little or even no changes
after compensation.

From Fig. 8, it can be seen that the figure errors in PM have the same aberration
contributions to each FOV for the on-axis TMA telescope. And the astigmatic field has been
corrected to some extent after compensation. But the astigmatic field is not fully corrected

compared to Fig. 2(a). That may be because the values of /ﬂzz(&x,&y) is solved based on
least square method. As a result, only a portion of FOVs can be corrected well. The same
conclusion can also be made for the off-axis TMA telescope from Fig. 9. Therefore, some

other means are studied to completely correct the constant aberration induced from PM, like
placing the deformation mirrors in the location of the image of pupil.

Table 7. The introduced astigmatic figure errors of PM for on-axis TMA telescope and
off-axis TMA telescope

Cu 12 Cv 12

5,Fig 6, Fig

0.05 -0.05

Table 8. The calculated correction values of SM for adjusting the deformed PM of on-
axis TMA telescope and off-axis TMA telescope

XDE,, /mm | YDEg, /mm | ADE,, /° | BDE,/°

On-axis TMA telescope 0.428 0.428 0.024 —-0.024

Off-axis TMA telescope —-0.0515 —0.0515 —0.001285 0.001285
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Fig. 8. FFDs of the astigmatic aberration field (Cs,6 ) for the on-axis TMA telescope after

deformation and compensation (a) deformation (average value = 0.13411) (b) compensation

(average value = 0.07071).
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Fig. 9. FFDs of the astigmatic aberration field (C,,q ) for the off-axis TMA telescope after

deformation and compensation (a) deformation (average value = 0.1602)) (b) compensation
(average value = 0.1175)).

5. Comparison of NAT method and MFR method

For system recovery, the calculated correction values can be evaluated by comparing them
with the introduced directly. But for system compensation, they can’t be compared directly
(That’s because the introduced perturbations are about PM and TM, while the calculated
compensations are about SM). To evaluate the calculated correction values based on the
proposed NAT method here, the referred values (standard values) should be firstly
determined. As a matter of fact, they can be obtained by merit function regression (MFR)
method, which can be realized in optical software.

For MFR method, the merit function (MF) should be firstly defined. Generally, it is
defined as

DW (v -T, )

MF?2 = (1)

where W, is the weight, V; is the value after regression, T, is the target value, i indicates the

aberration number needed to be regressed. To compensate the perturbed optical system, the
value of MF should be minimized. In this paper, only third order astigmatic field and third
order comatic field are considered. Hence third order astigmatic and third order coma for
different FOVs are chosen to Eq. (21) in the process of merit function regression.

Here the same on-axis TMA telescope and off-axis TMA telescope in section 3 are
simulated. And the misalignments of TM and the deformations of PM remain unchanged. By
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MFR method, the correction values of SM for compensating PM or TM of these two
telescopes can be calculated. Then the referred values are determined. At the same time, the
relative errors of the correction values based on NAT method and MFR method can also be
calculated. These results have been listed in Table 9 and Table 10.

From Table 9 and Table 10, it can be found that the calculated correction values based on
NAT method are very close to the correction values resulting from MFR method (Note that
the relative errors of off-axis TMA telescope are larger. That’s may be because the off-axis
TMA telescope is not diffraction-limited. The perturbed system may be further optimized by
MFR method. While NAT method doesn’t has the capability of optimization. As a result, the
relative errors between these two methods are slightly large. The on-axis TMA telescope is
more convictive). It indicates that the calculated correction values in section 3 and section 4
are correct. Therefore, the principle of system compensation developed in this paper is well
demonstrated.

Table 9. The calculated correction values of SM for the misaligned TM of on-axis TMA
telescope and off-axis TMA telescope based on NAT method and MFR method and their
relative errors

XDEg, /mm | YDEg, /mm | ADE, /° | BDE, /°
NAT
_ method —-0.0201 —-0.0196 —-0.001057 0.001047
On-axis MER
TMA method -0.0203 -0.0199 —0.001069 0.001057
telescope Relative
0.99% 1.51% 1.12% 0.95%
error
NAT —-0.0461 -0.0259 —0.002948 0.003842
. method
Off-axis MER
TMA -0.0477 -0.0277 —-0.003034 0.003887
method
telescope Relative
error 3.35% 6.50% 2.83% 1.16%

Table 10. The calculated correction values of SM for the deformed PM of on-axis TMA
telescope and off-axis TMA telescope based on NAT method and MFR method and their
relative errors

XDE,, /mm | YDEg, /mm | ADE,, /° | BDE, /°
NAT
_ method 0.428 0.428 0.024 -0.024
On-axis MER
TMA method 0.4248 0.4252 0.0233 -0.0232
telescope Relative
0.75% 0.66% 3.00% 3.45%
error
NAT -0.0515 -0.0515 —0.001285 0.001285
. method
Off-axis MER
TMA method -0.0520 —-0.0542 —-0.001382 0.001304
telescope Relative
error 0.96% 4.98% 7.02% 1.46%

6. Comparison of NAT method and STM

As described in the introduction, MFR method is limited to some extent in the practical
application. In the engineering, sensitivity table method (STM) is more usually used. To
demonstrate the application of the proposed NAT method here, it should be compared to
STM.

In this section, eight Monte-Carlo simulations that correspond to four different cases for
on-axis TMA telescope and off-axis TMA telescope, respectively, as shown in Table 11, will
be performed to compare NAT method and STM. Note that only TM is compensated here.
That’s because PM can be partially compensated as concluded in section 4. The aberration
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field after compensation can’t be compared with the nominal design. However, TM can be
completely compensated as concluded in section 3. It can be used to be compared with the
nominal design. In Case 1, Case 2 and Case 3, the perturbation ranges increase step by step,
but without any measurement error. In Case 4, the perturbation ranges are the same as Case 2,
but with 2% measurement error.

Table 11. The four different cases considered in the Monte-Carlo simulations

XDEg,,,YDE,, | ADE,,,BDE,,
Case 1 [-0.05,0.05] [-0.005,0.005]
Case 2 [-0.1,0.1] [-0.01,0.01]
Case 3 [-0.5,0.5] [-0.05,0.05]
[-0.1,0.1] [-0.01,0.01]
Case 4 With 2% measurement error

In each case, 100 pairs of random perturbations following a standard uniform distribution
are generated. For each perturbed state, the correction values can be calculated based on NAT
method and STM, respectively. Then the calculated correction values are used to compensate
the perturbed system. Here the averaged values of C5/C6 after misalignment and
compensation are compared. For on-axis TMA telescope, the averaged value of C5/C6 is
calculated with 17 x 9 equally spaced field point in 0.3° x 0.15°. For off-axis TMA telescope,
the averaged value of C5/C6 is calculated with 25 x 5 equally spaced field point in 3° x 0. 3°,

Compared Fig. 10 with Fig. 11, we can see that the misaligned on-axis systems in any
case (even if there exist measurement errors) can always be compensated to the nominal
design based on NAT method. But for STM, the misaligned systems can only be compensated
in small perturbation ranges and without any measurement errors (Case 1). If the perturbation
ranges are larger (Case 2 and Case 3) or the measured wave-front coefficients are not very
accurate (Case 4), the alignment process based on STM becomes unsuccessful at some
misaligned states. It can be concluded that the computation accuracy of correction values
based on NAT method is relatively higher than that based on STM for on-axis TMA
telescope. Meanwhile, the same conclusion can be made for off-axis TMA telescope by
comparing Fig. 12 with Fig. 13.
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2 (c) Case 3 (d) Case 4. Note that the pink spots represent the averaged values of astigmatism
after misalignment. The blue spots represent the averaged values of astigmatism after
compensation.
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Fig. 13. Averaged values of astigmatism (C5/6 ) for the off-axis TMA telescope after

misalignment and compensation for different cases based on STM method. (a) Case 1 (b) Case
2 (c) Case 3 (d) Case 4. Note that the pink spots represent the averaged values of astigmatism
after misalignment. The blue spots represent the averaged values of astigmatism after
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Therefore, NAT method is more applicable for the optical compensation of the perturbed
TMA telescope, either on-axis or off-axis. Compared with NAT method, NAT method is a
better choice.

7. Conclusion

In this paper, wave aberration is expanded to the product of the dependence of field of view
and the dependence of aberration field decenter vector. Then the principle of system
compensation is presented considering the order of aberration field decenter vector in active
optics. Next, the misaligned TM and deformed PM of an on-axis TMA telescope and an off-
axis TMA telescope are studied to be compensated by SM according to the derived theory of
system compensation (NAT method). In the end, NAT method is compared with MFR
method to validate the correctness of optical compensation based on NAT. Meanwhile, NAT
method is compared with STM to demonstrate its application by Monte-Carlo simulations.

By expansion, it can be found that wave aberration is only related with FOVs and
aberration field decenter vectors. It coincides with that wave aberration coefficients differ
from FOVs and perturbations. To keep optical performance, aberration field after
compensation should remain unchanged. To realize it, NAT method (Eg. (5)) is derived. It
can be seen that system recovery is only a special case of system compensation.

In the process of TM compensation, only linear term associated with aberration field
decenter vector is considered. However, quadratic term associated with aberration field
decenter vector also needs to be considered for the compensation of deformed PM, apart from
linear term. After simulation, it is demonstrated that the aberration field induced from
misaligned TM can be completely corrected by adjusting SM. But the aberration field induced
from deformed PM can be partially corrected. It is concluded that PM can equip with the
adjusting mechanism if necessary.
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Compared the calculated correction values of SM based on NAT method with MFR
method, it’s found that the results are very close. It is proven that NAT method is reasonable.
Apart from this comparison, NAT method is also compared with STM by Monte-Carlo
simulations in the end. By comparison, it’s found that NAT method here owns higher
computation accuracy in larger perturbation ranges than STM. And NAT method is less
sensitive to measurement errors. These are of great advantages than other methods.

Therefore, NAT method is applicable. The work in this paper facilitates the active optical
compensation of the perturbed TMA telescopes, either on-axis or off-axis. It is meaningful for
the development of active optics in astronomical telescopes.
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