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This paper investigates the alignment strategies for eliminating the field-dependent aberrations of the class of
large three-mirror anastigmatic (TMA) space telescopes with a segmented primary mirror (PM) like the James
Webb Space Telescope (JWST) in the multi-field fine-phasing process based on the framework of nodal aberra-
tion theory. During the single-field (on-axis field) fine-phasing process, the individual segment tip, tilt, and piston
errors, as well as the de-space of the secondary mirror, are well corrected, and the PM is also adjusted to com-
pensate for those aberrations induced by the misalignments of other mirrors at the center of the science field of
view. However, interrogating off-axis field points can reveal the presence of large wavefront errors due to mirror
misalignments. Eliminating these field-dependent aberrations is the main goal of the multi-field fine-phasing
process. This paper first presents an analytic study on an established alignment strategy used for eliminating
the field-dependent aberrations. While it is demonstrated that this alignment strategy has the ability to reduce
the field dependency of the wavefront errors, it will, however, also be revealed that this strategy still exhibits some
problems, and its alignment efficiency is low. Then, a new alignment strategy with higher alignment efficiency is
further proposed. Detailed simulations with a TMA telescope that has similar parameters with the JWST are
performed to illustrate the efficiency and rationality of the proposed strategy. This work can not only contribute
to an in-depth understanding of the multi-field fine-phasing process, but also present a possibility to improve the
efficiency of this process. © 2017 Optical Society of America
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1. INTRODUCTION

A scientific successor to the Hubble Space Telescope (HST) [1]
and the Space Infrared Telescope Facility (SIRTF) [2], the
James Webb Space Telescope (JWST) is a 6 m class infrared
(IR) telescope, which will be located in an orbit near the second
Lagrange point (L2). The main goal of it is to study and answer
some fundamental astrophysical questions ranging from the
formation and structure of the universe to the origin of plan-
etary systems and the origins of life [3]. JWST represents a new
generation class of space telescopes, i.e., the class of large three-

PM and, therefore, must be completely aligned and phased
after launch. This is achieved through wavefront sensing and
control (WS&C), which consists of a series of commissioning
steps [4-6]. The multi-field fine-phasing process follows the
single-field (on-axis field) fine-phasing process. During the
single-field fine-phasing process, the individual segment tip,
tilt, and piston errors as well as the de-spacing of the secondary
mirror (SM) are well corrected. Besides, the PM is also adjusted
to compensate for those aberrations induced by SM misalign-
ments at the center of the science FOV. Therefore, the aberra-

mirror anastigmatic (TMA) space telescopes with a segmented
primary mirror (PM). This class of telescope can not only
achieve a high light collecting efficiency and imaging resolu-
tion, but also provide near diffraction-limited imaging quality
over a relatively large field of view (FOV).

One of the main characteristics of this class of space tele-
scopes like JWST is that they are deployable with a segmented
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tions of the on-axis field point are all well corrected. However,
interrogating off-axis field points can reveal the presence of large
wavefront errors (WFEs) due to mirror misalignments, i.e., there
still exist some field-dependent aberrations in the system after the
single-field fine-phasing process. Eliminating these aberrations is
the main goal of the muld-field fine-phasing process, and some
alignment strategies are needed to accomplish the task.
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An established alignment strategy that is currently for the
multi-field fine-phasing process directly utilizes the degrees
of freedom of the SM to eliminate those field-dependent aber-
rations [4,7] (in this paper, we refer to this strategy as “the cur-
rent strategy”). A numerical method is utilized to obtain the
corrective SM moves that are required to minimize the field
dependency of the WFEs. The specific algorithm is presented
below [4,7]. First, WFEs at four corners of a rectangular field
and the on-axis field point are recovered using the phase
retrieval method, discarding all but the two field-dependent
aberration terms (astigmatism and focus). Then, a linear model
is applied to estimate the corrective SM modes based on these
wavefront measurements, since ray-trace data shows that the
field dependency of the WFEs consists of a strong linear func-
tion of the SM misalignment terms. Detailed information
about this linear model is presented in Ref. [7].

The practicability of the numerical method used in this cur-
rent alignment strategy for obtaining the corrective SM moves
has been demonstrated, however, the numerical method cannot
contribute to an in-depth understanding of this current align-
ment strategy. It cannot provide us with any insight into the
interactions between the field-dependent aberrations and the
SM degrees of freedom. Besides, some basic questions about
this alignment strategy also need to be answered. For example,
we still lack the knowledge of the minimum number of
field points, which are enough for us to eliminate the field-
dependent aberrations using this strategy. This knowledge is
important because it can provide a theoretical basis for us to
reduce the number of the field points for wavefront measure-
ments and facilitate the mult-field fine-phasing process.
Besides, the positions of the five field points used for wavefront
measurement are fixed in the field, because the sensitivities of
the field-dependent aberrations to SM misalignments used in
the linear numerical model are unique for a certain field point.
However, in practice, it is very likely that no suitable guide star
is located at the designated field points. In this case, we need to
adjust the boresight, which can increase the uncertainty and
inefficiency of the WS&C commissioning process. Therefore,
it is very convenient that wavefront measurements at several
arbitrary field points can be used for eliminating the field-
dependent aberrations.

Furthermore, there still exist some other deep-rooted prob-
lems with the efficiency of the current strategy. The current
strategy only concentrates on those field-dependent aberrations
and directly uses the SM moves to eliminate them. However,
a large field-constant aberration can be reintroduced into the
system. Consequently, once the SM corrections are applied,
the PM must be adjusted to reestablish an acceptable wavefront
on-axis, which, unfortunately, can further introduce some field-
dependent aberrations. Therefore, quite a lot of iterations may
be required to achieve the adequate alignment of the system,
and the alignment efficiency of the current alignment strategy is
low. To improve the efficiency of the multi-field fine-phasing
process, we need to propose an alignment strategy that can not
only eliminate the field-dependent aberrations, but also main-
tain an acceptable wavefront on axis, i.e., the field-dependent
aberrations and the field-constant aberrations induced by
misalignments can be controlled at the same time.

Nodal aberration theory (NAT), developed by Shack and
Thompson [8] and Thompson [9-13], is a powerful tool in
investigating the aberration fields of optical systems without
rotational symmetry. Schmid ez a/. [14] utilized NAT to study
the misalignment-induced nodal aberration fields in two-mir-
ror astronomical telescopes (especially Ritchey Chretien tele-
scopes) and explained why the alignment of a large telescope
based on axial imagery is insufficient. Thompson ez al. [15]
used NAT to describe the aberration field dependencies that
arise in the presence of misalignments for TMA telescopes,
and it is shown that the performance of TMA telescopes is do-
minated by the field-constant third-order coma, which can
commonly be seen in two-mirror Ritchey Chretien telescopes,
and the field-linear, field-asymmetric, third-order astigmatism.
Schmid et 2/ [16] and Fuerschbach ez 2/ [17,18] extended
NAT to include freeform surfaces and illustrated that when
the freeform surface is located away from the aperture stop,
its net aberration contribution will become field dependent,
and many aberration components each having a unique field
dependence may arise. Recently, Ju ez a/. [19] further presented
an in-depth and systematic discussion on the aberration fields
of off-axis astronomical telescopes with an offset pupil induced
by lateral misalignments based on NAT and provided some
valuable insights into the alignment and active compensation
and alignment of off-axis telescopes, according to the knowl-
edge of the misalignment-induced aberrations.

On the other hand, NAT can also be used to develop specific
and deterministic strategies for the alignment and active align-
ment of large astronomical telescopes. Ju et al. [20] quantified
the effect of the trefoil deformation in an optical surface located
away from the aperture stop and decentered from the optical
axis based on NAT and developed an analytic strategy to quan-
titatively separate the effects of astigmatic and trefoil figure er-
rors and misalignments for two-mirror astronomical telescopes.
Gu er al. [21] applied third-order and fifth-order alignment
models based on NAT to the alignment of TMA telescopes,
respectively, and showed that the fifth-order alignment model
has a higher computation accuracy. While the JWST-like space
telescopes are essentially TMA telescopes, the alignment process
of this class of telescope with a segmented PM is quite different
from those with a monolithic PM. Consequently, the alignment
strategies needed to eliminate the field-dependent aberrations in
the multi-field fine-phasing process are also different.

In this paper, we first describe the aberration condition
of the JWST-like space telescopes before the multi-field fine-
phasing process to help understand the alignment strategies
that will be discussed in this work. On one hand, we show that
the main field-dependent aberrations are astigmatism and
medial focal surface; on the other hand, we point out that
the primary and secondary mirrors are in a compensated state
for the coma aberration field. Then, we present an analytic
study on the current alignment strategy for eliminating the
main field-dependent aberrations. Specifically, we analytically
derive the sensitivities of the field-dependent aberrations to
the SM misalignments and propose an analytic method for de-
termining the corrective SM modes for reducing the field
dependency of the WFEs induced by misalignments. Monte
Carlo simulations demonstrate that this strategy can greatly
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reduce the field dependency of theWFEs. However, we also
point out that there are some deep-rooted problems with this
alignment strategy, and its alignment efficiency is low. A new
alignment strategy is further proposed to improve the align-
ment efficiency of the multi-field fine-phasing process.
Detailed simulations are conducted to demonstrate the effi-
ciency of the proposed strategy. Some deep discussions are also
presented to further illustrate the rationality of this strategy.

This paper is organized as follows: in Section 2, we describe
the aberration condition of the JWST-like space telescopes be-
fore the multi-field fine-phasing process. In Section 3, we
present an analytic study of the current alignment strategy
for eliminating the field-dependent aberrations. In Section 4,
we reveal the problem of the current alignment strategy and
propose a new alignment strategy with higher efficiency. In
Section 5, we summarize and conclude the paper.

2. ABERRATION CONDITION OF THE JWST-
LIKE SPACE TELESCOPES BEFORE THE
MULTI-FIELD FINE-PHASING PROCESS

The multi-field fine-phasing process follows the single-field
fine-phasing process. One premise of this work is that after
the single-field fine-phasing process, the aberrations of the
on-axis field points are well corrected. In this case, on one hand,
we can consider that the individual segment tip, tilt, and piston
errors as well as the despacing of the SMs are well corrected. On
the other hand, we should also note that if the SM is misaligned
(either in position or orientation), it will create WFEs measured
at the center FOV. This further indicates that during the single-
field fine-phasing process, the PM is also adjusted to compen-
sate for those aberrations induced by SM misalignments at the
center FOV. However, some field-dependent aberrations still
exist in the system due to mirror misalignments, and interrog-
ating off-axis field points can reveal the presence of large WFEs.
Eliminating these field-dependent aberrations is the main goal
of the multi-field fine-phasing process.

In this section, we present a qualitative description of the field
dependencies of three dominant aberrations of the JWST-like
space telescopes before the multi-field fine-phasing process.
On one hand, we will show that astigmatism and medial focal
surface are the dominant field-dependent aberrations that need
to be eliminated in this process. On the other hand, by discussing
the coma aberration field, we will reveal the fact that the primary
and secondary mirrors are in a compensated state for the coma
aberration field. This knowledge is very important for under-
standing the work presented in the later parts of this paper.

A. Astigmatic Aberration Field
In the presence of misalignments, according to NAT, the
astigmatic aberration field can be given by [10,15]

1 > L2 o
Wast = EZszzj(H—Gj) -p?
J

1 e 1-, N
= (5 WonH™ - Ay H + 53222> P (1)

where the subscript j is the surface number, W,,; is the astig-
matic aberration coefficient for surface j, A is the vector that
locates the image point of interest in the focal plane, p is the

aperture vector in the exit pupil, and 6; locates the shifted
aberration field center for each surface. Wy, =5 W 222> rep-
resenting the total astigmatism aberration coefficient. For TMA
telescopes, which are typically by design corrected for the thlrd—
order astigmatism, we can consider W5, & 0. A222 and Bzzz

are two unnormalized dlsplacement vectors, given by
Ay = E W222j > Bzzz = E szzj 2

In general for mlsahgnment level perturbatlons the magnitude
of B3y, is proportional to the misalignment squared, and we

- 2 .
can consider Bj,; & 0. Therefore, Eq. (1) can be rewritten as

Wast & -(AypaH) - p. ()

We can see from Eq. (3) that in the presence of misalign-
ments, the magnitude of astigmatism changes linearly with the
field, as shown in Fig. 1.

Besides, we can recognize that even in the presence of mis-
alignments, almost no astigmatism exists at the on-axis field
point. Therefore, when we achieve an acceptable wavefront
at the on-axis field point after the single-field fine-phasing proc-
ess, we still cannot guarantee the adequate alignment of the
system. There can be considerable amounts of astigmatism
at the off-axis field point. Therefore, astigmatism is one of
the main field-dependent aberrations that needs to be corrected
in the muld-field fine-phasing process.

B. Medial Focal Surface
According to NAT, in the presence of misalignments, the
medial focal surface can be given by [10]

Wiies = > W l(H - 5)) - (H - 5)1(5 - )
j

= [Wasom (H - H) - 24500 - H + B3,0),)(p - p),
4)
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Fig. 1. Full field display (FFD) for the astigmatic aberration field
(Z5/Z6, and Zi is the ith Fringe Zernike polynomial) in TMA tele-
scopes with misalignments. We can see that the magnitude of
astigmatism is field-dependent.



Research Article

Vol. 56, No. 10 / April 1 2017 / Applied Optics 2727

where W05 represents the medial astigmatic component
proposed by Hopkins [22],

1
Woomj = Wanej + 5 W29 (5)

and Woyou = ZjWZZOMj, representing the total aberration
contribution for medial focal surface. For TMA telescopes,
we can consider W05 & 0. Ayops and B3,, are given by

- _ - 2 _ - -
Ao = E WZZOM]‘GJ') Byoy = E szoMjUj * 0j.
j J
(6)
For misalignment level perturbations, the magnitude of B3,,,
is also proportional to the misalignment squared, and we can
consider B%,,,, ~ 0. Therefore, Eq. (4) can be rewritten as

Wntes & (=240 - H) (P - P). ()
We can see from Eq. (7) that the medial focal surface in TMA
telescopes with misalignments is also field-dependent, as shown
in Fig. 2.

We should point out that we cannot consider that the mag-
nitude of this term changes linearly with the field, for it is de-
termined by the dot product of two vectors, Ay and H. In
other words, it is further affected by the angle between the two
vectors.

We can also recognize that even in the presence of misalign-
ments, the medial focus is nearly zero at the on-axis field point.
This indicates that when we achieve an acceptable wavefront at
the on-axis field point after the single-field fine-phasing process,
a large focus can still exist at the off-axis field point. Therefore,
the medial focal surface is another dominant field-dependent
aberration that needs to be eliminated in the multi-field fine-
phasing process.

Besides, we should keep in mind that this kind of field-

dependent focus shown in Fig. 2 can not only be induced
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Fig. 2. FFD for the medial focal surface (Z4) in TMA telescopes
with misalignments. We can see that the magnitude of the medial focal
surface is also field-dependent.

by mirror misalignments, but also can be induced by the
tip—tilt misalignments of the detector. This is one of the im-
portant differences between the medial focal surface and other
aberrations, such as astigmatism and coma, which are nearly
unaffected by the misalignments of the detector. It can be in-
ferred from this fact that the medial focal surface induced by
lateral misalignments of different mirrors can be compensated
by the tip—tilt of the detector. This will be further discussed in
the later parts of this paper.

C. Coma Aberration Field
According to NAT, in the presence of misalignments, the coma
aberration field can be given by [10,15]

Weom = Y Wisyl(H - 5,) - 51 - p)
J

= (Wis1H - Ai31) - plp - p), @)
where W13 = ZjWBlj’ representing the total coma aberra-
tion coefficient. A3, parameterizes the magnitude and the ori-
entation of the net coma field induced by misalignments, which
is given by

A=Y W36 9)
j

For TMA telescopes, we can consider that the third-order
coma is well corrected in the nominal state, i.e., W3 =~ 0.
Therefore, the coma aberration field in TMA telescopes with
misalignments can be rewritten as

WComa ~ _(Al?)l :B)(ﬁ :5) (10)
It can be seen from Eq. (10) that in the presence of misalign-
ments, a considerable field-constant coma will arise over the
FOV, as shown in Fig. 3. In other words, when the SM is mis-
aligned, a large coma will typically arise at the center FOV. On
the other hand, we should note that after the single-field fine-
phasing process, an acceptable wavefront can be established at
the on-axis field point. The only possible reason for this is that
during the single-field fine-phasing process, the PM is also
adjusted to compensate for the on-axis coma due to the mis-
alignments of other mirrors. This is one of the important prem-
ises of this work when discussing the alignment strategies for
eliminating the field-dependent aberrations in the multi-field
fine-phasing process.

3. ANALYTIC STUDY ON THE CURRENT
ALIGNMENT STRATEGY FOR ELIMINATING THE
FIELD-DEPENDENT ABERRATIONS

The current alignment strategy directly uses the degrees of free-
dom of the SM, i.e., SM modes, to eliminate the two types of
field-dependent aberrations, i.c., astigmatism and medial focal
surface. In this section, we will present an analytic study on this
alignment strategy. We first analytically investigate the relation-
ships between the field-dependent aberrations and the mis-
alignment parameters, especially the misalignments of the
SM. On this basis, we further propose an analytic method
for determining the SM moves to eliminate the field-dependent
aberration terms. Then, we perform Monte Carlo simulations
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Fig. 3. FFD for the coma aberration field (Z7/Z8) in TMA tele-
scopes with misalignments. We can see that, typically, a large coma
aberration will exist at the on-axis field point. The fact that during the
single-field fine-phasing process nearly all of the aberrations are well
corrected at the on-axis field point indicates that the PM is adjusted to
compensate for the coma induced by the misalignments of other mirrors.

to demonstrate the ability of the current strategy to reduce the

field dependency of the WEFEs.

A. Relationships Between the Field-dependent
Aberrations and the Misalignment Parameters

In this part, on one hand, we present a general and qualitative
discussion on the relationships between the field-dependent
aberrations and the misalignment parameters. On the other
hand, we derive the specific expressions of these relationships
for TMA telescopes. Meanwhile, some valuable insights into
the sensitivities of the field-dependent aberrations to misalign-
ment parameters are provided.

The discussion begins with the relations between the vector
that locates the shifted aberration field center for an individual
surface, 6;, and the misalignment parameters of the system.
One of the theoretical foundations of NAT is that when an
optical surface is misaligned, the aberration behavior of this sur-
face with reference to its local symmetry axis is nearly the same
as that in an ordinary symmetric system. The local symmetry
axis, which is also called aberration field axis (AFA) in the con-
text of NAT, denotes the line of local symmetry for the field
dependence of the aberration field contributions of an individ-
ual surface. It is defined by the line that connects the center of
curvature and the center of the local entrance pupil. The in-
tersection of the local symmetry axis with the local object plane
is called aberration field center. For a perturbed surface, the
aberration field center for this surface is usually shifted away
from the field center, which is determined by the intersection
of the optical axis ray (OAR) with the local object plane.

As shown in Fig. 4, C represents the center of curvature for
the nominal spherical surface (in gray), C’ represents the center
of curvature for the misaligned surface (in black), Q and E are

Refracting surface j

nj )
o c’ E
““““ - —-=
—y S & m——
Cc

Local entrance pupil

Local object plane
plane

Fig.4. Schematic representation for vector 3]- that locates the shifted

aberration field center for a perturbed surface with reference to the
field center.

the field center and pupil center, respectively. P is the aberra-
tion field center for this surface. In NAT, we use the vector 6; to
locate the position of the aberration field center, P, with
reference to the field center, Q.

We can see from Fig. 4 that the vector 6; is determined by
the positions of three points, Q, £, and C'. The position of C’
is associated with the misalignment parameters of this surface,
and the positions of P and Q are associated with the misalign-
ment parameters of the preceding surfaces [23]. Consequently,
the vector 6; is determined by the misalignments of surface ;
and those surfaces located before this surface. Specifically, the
vector 6; can be expressed as a linear combination of the mis-

j
alignments of surface j and the preceding surfaces,

‘/ -
5]‘ = Z(fﬁvi + t:p)); (11)

where 7 is the surface index, V" and f are the vectors represent-
ing the magnitude and orientation of the individual surface de-
center and tip—tilt parameters, respectively. They are given by

- _ [XDE ~_[-BDE
V= [YDE]’ = [ADE ] (12)

where XDE and Y DE are the surface vertex decenters in the
x - z and y - z plane, respectively, and BDE and ADE are the
surface tip-tilts in the x - z and y - z plane, respectively. s and ¢
represent the corresponding coefficients.

On the other hand, we can see from Section 2 that the mag-
nitude and orientation of the two field-dependent aberrations
induced by misalignments are directly related to two vectors,
ie., Aypy and Asygys. Both of these vectors can be expressed
as a combination of the vectors locating the shifted aberration
field center for each individual surface, each weighted by the
aberration coefficient for the corresponding surface. Here,
we use a generalized formula to express them,

At =Y Wi (13)
J

where Wy, represents a certain type of aberration coefficient
for surface j. Specifically, here, W, can represent Wy, or
W 200 Then, by substituting Eq. (11) into Eq. (13), we can
obtain
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A = > _(SHV, 4+ TH7B), (14)
where

Sz('klm) = Z W/elmjfji) T(IdM) Z Wklm] jit (1 5)

Substituting Eqs. (14) and (15) into Eqgs. (3) and (5), respec-
tively, we can obtain the expressions of the two field-dependent
aberrations in terms of the misalignment parameters of the sys-
tem, which are given by

Wast ~ - [Z(SS-”” Vit TE”%)H} P4 (16)

W %2 [Z(SE”OM) 7, 4 7005 ) H] G-7). (1)

Equations (14)—(17) can provide some valuable insights
into the sensitivities of the field-dependent aberrations to the
misalignments of the system. We can see that the two field-
dependent aberrations induced by misalignments consist of a
strong linear function of the misalignment parameters of the
system. This indicates that the sensitivity of the field-dependent
aberrations to one misalignment parameter is unaffected by the
misalignment parameters of the other surfaces. On the other
hand, by examining Eq. (15), we can recognize that this sen-
sitivity is not only associated with the corresponding aberration
coefficients of this surface, but also is tightly associated with the
aberration coefficients of the subsequent surfaces (but has
nothing to do with the aberration coefficients of the preceding
surfaces).

Then, we begin to derive the specific expressions of ¥ and
T*7 for TMA telescopes. Here, we choose the tertiary mirror
(TM) as the reference and assume that the PM and SM are
misaligned relative to the TM. The relationships between
the shifted aberration field center for each individual surface
and the misalignment parameters can be given by [21,23]

—sph I -
Opn = o (18)
555?\}/} = _LZPM + (f/PM - 17SM - VSMBSM))
tpm pp(dy + rsm)
(19)
—»sph 2 -

Orv — —ﬂPM
Upm

(2d5 - rom + 271r\m) Vion - (24, + ZVTM)(I_}SM + 7smPBsm)

+ -
ipn (2d1dy - dyrom + dyrsy + 2d rev + Tsmrv)
(20)
—asph _ %
opmy = 0, (21)

—as 1 v T p
Gsr&h = 4o (Vem = Vism + 241 om)s (22)

>

_ (2d - rsm) Viom = 2d5(Visnm + rsmbBsm)
oM — __ﬂPM .
Uppm ipn (2d1dy ~ dyrsy + darsm)

(23)
where 7%py; corresponds to the paraxial chief ray angle at the
PM, d, is the distance from the PM to SM, 4, is the distance
from the SM to TM, rgy; and 71y corresponds to the radius of
the SM and TM, respectively, and the up-script sph and asph
indicate that the field center displacement vectors are associated
with the spherical base curve and the aspheric departure from
the spherical base curve of each individual surface, respectively.

For TMA telescopes, the two vectors that determine the
magnitude and orientation of the two field-dependent aberra-
tions, A5y, and Ajs0p, can be expressed as

- 220) = 22 2 222)%
Ay = S%’M Vom + T( )ﬁPM + S( "Wom + TéM B

(24)
Ansorr = St Vi + T ™ B + S5 Vs
+ TéﬁOM)ﬁSM) (25)
where
(222
Spm )
1 h N
= Sp aspl
Tald it ren) +—W
o (dy+ 7o) 2MT Gy 222
+ (26{2—7’51\4 +27’TM) sph
itPM(zdldz —dl rsm T+ derM +2d1 v+ ”SM”TM) 222, TM
(2dy-7rsm) asoh
? W (26)
uPM(Zdldz_dl 7sM +d275M) 222, TM
222 soh soh o
TéM )= - u— W2P22 PM + (Wzr;z,SM + WZZPZ,SM
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i‘PM(zﬂll"I2_d1”SM+d275M+2d17‘TM—I—rSMrTM) 222, TM
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+-
i\ (2dydy -y rop +dorsn)

By replacing the astigmatic aberration coefficient for each

individual surface with the corresponding aberration coefficient

for the medial focal surface in S%iz) ) T%ﬁz) A Sgﬁz) ,and Tgvzlz),
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we can also obtain the specific expressions for Sy (ZZOM) T(ZZOM)
s @20M) 4 ngﬁOM .

Equatlons (24)—(29) further illustrate those representations
presented below Eq. (17). The sensitivity of the two field-
dependent aberrations to one misalignment parameter of the
system is nearly unaffected by the misalignments of other sur-
faces, but it is tightly associated with the aberration coefficients
of the other surfaces (the subsequent surfaces). Besides, the fact
that the magnitude of the field-dependent aberrations corre-
sponds linearly to the misalignment parameters of the PM and
SM, also presents the possibility of compensating the effects of
the misalignments of one mirror with the misalignments of the
others. This is the theoretical basis for us to use SM moves to
eliminate the field-dependent aberrations that may be induced
by the misalignments of other mirrors.

B. Analytic Method for Determining the Corrective
SM Moves to Eliminate the Field-Dependent
Aberrations
In this part, we first discuss how to quantify the magnitude and
orientation of the two vectors, Ay,; and Ay, using wavefront
measurements at several field points. Then, we continue to
determine the corrective SM moves for minimizing the mag-
nitude of these two vectors and, thus, eliminating the field-
dependent aberrations. Meanwhile, we will explicitly point out
the minimum number of wavefront measurements that are
needed for us to accomplish this work.

According to NAT, the net astigmatic aberration field
induced by misalignments can be expressed as

. 1 .
AW st = (-ApnH + 53522) P (30)

where A is the difference operator, and AW s¢1 represents the
difference between the astigmatism in the presence of misalign-
ments and that in the nominal state, i.e., the net astigmatic
aberration contribution induced by misalignments.

Using the vector multiplication of NAT, Eq. (30) can be

rewritten as

~ > =2
~Apyy H 4 Apyy H, + 5B | [p? cos(24h)
AW st = :

- - *2 L
~App H, = Aryy  H, + 5B, p? sin(2¢)
(31)

where the subscripts x, y represent the two components of a
vector. Here, the x axis is used as the reference axis, and ¢
is measured counter-clockwise from it in order to be in accord
with the tradition of optical testing.

Since wavefront measurements typically provide the Zernike
polynomial coefficients to the wavefront, the correspondence
between the Seidel and Zernike coefficients can be utilized
to compute the unknowns. Though the exact correspondence
between the Seidel coefficients and Zernike polynomials is
generally an infinite sum, as discussed in detail by Tyson in
Ref. [24], in our paper, only the first 16 items of Fringe
Zernike coefficients are considered. The higher-order Zernike
coefficients that are fitted against the wavefront are reasonably
small, so they can be ignored. According to this correspon-
dence, referring to Eq. (31), we obtain

4222,):
-H, H, 1 0] Ay {C -3C }
x ¥ 2 T2y = A 5 12 i (32)
-H, -H, 0 3 B%ZZ,x Cs-3Cy3
B%ZZ,)/

where C; is the 7th Fringe Zernike coefficient for representing
the WFE. We can see that there are four unknowns: A, ,,

;41222)], Eﬁm, and 735224. In order to solve them, wavefront
measurements at a minimum of two off-axis field points are
sufficient. If wavefront measurements at more than two field
points are available, the four unknowns can be obtained by
solving the least-square solutions of the over-determined
equations.

Then, we continue to quantify AZZOM According to NAT,
the net medial focal surface induced by misalignments can be
expressed as

AW nes = (=240 - ]? + B%zoM)(/_; /_5) (33)
Using the vector multiplication of NAT, Eq. (33) can be

rewritten as

AW ips = (=2A000,H = 2A00001,,H, + B33 (B - P)-

(34)

According to the relationship between the Seidel coefficients
and the Zernike coefficients, we can obtain

A220M,x 1
[—1 —1 %] A%ZOM,}/ = EA(2C4 - 6C9 + 12C16)
BZZOM

(35)

We can see that there are three unknows: Ay057,4» 422001,y
and B3,,,- In order to solve them, wavefront measurements at
a minimum of three field points are needed, for wavefront mea-
surements at one field point only provide one equation for the
medial focal surface. If wavefront measurements at more
than three field points are available, the three unknowns can be
obtained by solving the least-square solutions of the over-
determined equations.

After quantifying the two vectors that determine the mag-
nitude and orientation of the two types of field-dependent aber-
rations, A,y and A,y0,s, we begin to determine the corrective
SM moves to minimize them.

AXDEg,

-ABDE
Supposing A VSM {A YDE. SM}

} and Afsy= { AADEq,

are the corrective SM moves used to minimize A5, and A0/
we can have

Ay = SGP AV + TSP Mo, (36)

—AzzoM = S(ZZOM)AVSM + T(ZZOM) ABSM- (37)

Since Azzz and A220M can be quantified with wavefront
measurements at several field points, using Egs. (36) and
(37), we can determine the corrective SM moves used to min-
imize A,y and Ao, thus eliminating the two types of field-
dependent aberrations.
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C. Simulations

To demonstrate the ability of the current alignment strategy
with our analytic method to reduce the field dependency of
the WFEs, relevant simulations will be conducted in this part.
First, for a randomly selected case, we will show the full field
displays (FFDs) of the two field-dependent aberrations before
and after applying the computed corrective SM moves to the
system. Then, Monte Carlo simulations will further be con-
ducted to compare the field dependency of the WFEs before
and after correction. The results show that the current strategy
can greatly minimize the field dependency of the WFEs.

A TMA telescope with similar optical parameters with a
JWST will be used in the simulations. The optical layout of
this telescope and its optical prescription, third-order aberration
coefficients, which are needed in the simulations, are presented
in Appendix A. As presented in the previous part, wavefront
measurements at a minimum of three arbitrary field points
can be used to compute the corrective SM moves. In this part,
we utilize wavefront measurements at four field points, i.e.,
(-0.1°, 0.1°), (0.1°,0.1°), (-0.1°, -0.1°), and (-0.1°, 0.1°), to
determine the corrective SM moves for eliminating the
field-dependent aberrations.

We first artificially introduce a set of misalignments of the
PM and SM into the simulation software Code V. The result-
ing wavefronts at the four field points can be obtained from
simulation software. Utilizing the analytic computation ap-
proach presented in this paper, the corrective SM moves can
be obtained. The specific misalignments of the PM and SM
simulated here are presented in row A and row B of Table 1,
respectively. In this case, the on-axis coma is nearly in a com-
pensated state (C7 = 0.0032, C8 = 0.0366). The misalign-
ments of the SM after correction are presented in row C of
Table 1.

The FFDs for the medial focal surface and astigmatism
before and after correction are shown in Fig. 5. We can see
that the two types of field-dependent aberrations are both
eliminated.

To further demonstrate the ability of the current alignment
strategy with our analytic method to reduce the field depend-
ency of the WFEs, we will perform Monte Carlo simulations
and make a comparison between the magnitudes of the two
types of the field-dependent aberrations before and after the
correction. We can see from Eqgs. (3) and (7) that the vectors
Asyy and Ajyop determine the field dependencies of the two
field-dependent aberrations, respectively. Therefore, here, we
use the magnitudes of these two vectors, |42y, | and [Ay0s]5
to represent the magnitudes of the field dependencies of the
two field-dependent aberrations, i.c., astigmatism and medial
focal surface, respectively (the correspondence between the

Table 1. Introduced PM and SM Misalignments (A and B)
and the SM Misalignments After Correction (C)

XDE (mm) YDE (mm) ADE (deg) BDE (deg)
A 0.1113 -0.0996 0.0010 -0.0004
B -0.0283 -0.1410 0.0060 0.0045
C -0.0011 -0.1486 0.0012 0.0000
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Seidel coefficients and the Fringe Zernike coefficients have
been considered).

On one hand, we first select 100 misalignment states, which
meet the premise for the aberration condition of the JWST-like
space telescopes before the multi-field fine-phasing process, i.e.,
the PM and SM are in a compensated state for an on-axis coma.
Specifically, for the perturbation range of XDE, YDE €
[-0.2 mm, 0.2 mm], and ADE, BDE € [-0.005° 0.005°], we
introduce tremendous amounts of misalignment states into
the optical simulation software and select 100 states that are
in a nearly compensated state for the on-axis coma. For these
100 misalignment states, the magnitudes of the field depend-
encies of the two field-dependent aberrations before and after
applying the computed corrective SM moves to the system are
shown in Fig. 6. It can be seen that the field dependencies of the
two field-dependent aberrations are greatly reduced.

To present a more overall understanding of the ability of the
current alignment strategy with our analytic method to reduce
the field dependency of the WEFEs, three different cases with
different misalignment ranges will be further considered in
the Monte Carlo simulations. The specific misalignment ranges
in each case are presented in Table 2. For each case, 200 mis-
alignment states will be generated with similar methods to meet
the premise that the PM and SM are in a compensated state for
the on-axis coma. For each misalignment state, we compute the
field dependencies of the two field-dependent aberrations (rep-
resented by |Ay,;| and |Aygs/], respectively) before and after
applying the corrective SM moves into the system. The mean
values of the field dependencies of the two field-dependent
aberrations for the 200 misalignment states in each case before
and after correction are shown in Table 3.

It can be seen from Table 3 that in all three cases the field
dependencies of the two types of the field-dependent aberra-
tions can be greatly decreased. Therefore, the current strategy
can minimize the field-dependency of the WFEs using our
analytic method for determining the corrective SM moves.

4. NEW ALIGNMENT STRATEGY FOR
ELIMINATING THE FIELD-DEPENDENT
ABERRATIONS

In this section, we first reveal a deep-rooted problem that exists
in the current alignment strategy for eliminating the field-
dependent aberrations, which can decrease the alignment effi-
ciency of the multi-field fine-phasing process. Based on a deep
understanding of the aberration condition before the multi-
field fine-phasing process and the reason for the low efficiency
of the current alignment strategy, we propose a new alignment
strategy. Then, we perform detailed simulations and some addi-
tional discussions to demonstrate the alignment efficiency and
rationality of this new strategy. Lastly, we further illustrate the
problem of the current alignment strategy for the case of a tip-
tilted detector, which, on the other hand, can also further
demonstrate the rationality of the new alignment strategy.

A. Problem of the Current Alignment Strategy

Before revealing the problem of the current alignment strategy,
we first emphasize the true meaning of “eliminating the field-
dependent aberrations.” During the single-field fine-phasing
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Fig. 5. FFDs of the medial focal surface (Z4) and astigmatism (Z5/Z6) (a) before and (b) after correction for the misalignment state specified
above. We can see that these two types of field-dependent aberrations are both well corrected.

process, we have established an acceptable wavefront at the on-
axis field point. However, interrogating off-axis field points can
reveal a large WFE, which indicates the presence of some field-
dependent aberrations. We need to further correct these field-
dependent aberrations to obtain an acceptable wavefront over
the whole FOV. More importantly, here, there is an underlying
meaning of “eliminating the field-dependent aberrations”, i.e.,
the wavefront at the on-axis field point should be maintained
after eliminating the field-dependent aberrations.

While the current strategy can greatly reduce the field
dependency of the WFEs, however, when using the SM modes
to correct both types of field-dependent aberrations, the WFE
at the on-axis field point, which is usually dominated by a

coma, cannot be controlled at the same time. Consequently,
a large field-constant coma can be introduced into the system
in this process. For the set of misalignments of PM and SM
presented in Table 1, the coma aberration field before and
after applying the corrective SM moves to eliminate the field-
dependent aberrations is shown in Fig. 7. We can see that,
while the two types of field-dependent aberrations are well
corrected, as shown in Fig. 5, a large field-constant coma is
introduced into the system.

To further illustrate this problem, the magnitudes of the
coma aberration at the on-axis field point before and after cor-
rection for the 100 misalignment states simulated in the third
part (Part C) of Section 3 are shown in Fig. 8. Here, we use
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Fig. 6. Magnitudes of the field dependencies of (a) the medial focal surface and (b) astigmatism before and after applying the corrective SM moves
to the system. [A;y0y/| and [A;y,| are measured in A(A = 1000.0 nm), and they are computed with a normalized field height of 0.1°.

Table 2. Misalignment Ranges of the Three Different
Cases Considered in the Monte Carlo Simulations

XDE,YDE (mm) ADE,BDE (deg)

Case 1 [-0.1,0.1] [-0.002,0.002]
Case 2 [-0.2,0.2] [-0.005,0.005]
Case 3 [-0.5,0.5] [-0.01,0.01]

Table 3. Mean Magnitudes of the Field Dependencies of
the Two Types of Field-Dependent Aberrations Before
and After Correction (Represented by A and B,
Respectively) in the Three Cases®

|A220M I |A222|
A B A B
Case 1 1.1x 1072 3.4x107 1.5x 1072 4.4 %10°°
Case 2 4.8x 102 1.6x 107 7.1x 1072 2.7 x 107
Case 3 6.0x 1072 2.8x10°° 9.7 x 1072 4.0x%x107

“|Apaops| and |Asp,| are measured in A (A = 1000 nm), and they are
computed with a normalized field height of 0.1°.

|Ccomal (|Ccomal =+/C%+ C3, and C; is the ith Fringe
Zernike coefficient) to represent the magnitude of the coma
aberration. We can see that the on-axis coma is nearly in a com-
pensated state before correction, and a large on-axis coma will
be introduced into the system after correction.

Therefore, in practice, once the SM corrections are applied,
the PM must be adjusted to reestablish an acceptable WFE on
axis [4], which, unfortunately, can further introduce some
field-dependent aberrations. This indicates that the process of
eliminating the field-dependent aberrations with the current
alignment strategy is essentially an iterative alignment process
of the PM segments and SM, which is clearly shown in Fig. 1 of
Ref. [6]. While after enough times of iterative alignment, an
acceptable WFE over the whole FOV can be obtained, we
should recognize that the alignment efficiency is low.

One of the most important reasons for this low efficiency is
that the field-dependent and the field-constant aberrations can-
not be corrected at the same time. After eliminating the field-
dependent aberrations using SM modes, a large field-constant
coma will arise. After adjusting the PM to reestablish an accept-
able WFE on axis, the field-dependent aberrations will further
be reintroduced into the system, because when correcting the
on-axis coma by adjusting the PM, only the aberrations at the
on-axis point are concerned, and the field-dependent aberra-
tions cannot be controlled at the same time. We can infer that
quite a lot of iterations may be needed to achieve the adequate
alignment of the system.

We should note that adjusting the PM segments to achieve
an acceptable wavefront on axis after moving the SM is really a
complicated and time-consuming work. To this end, we need
go back to the global alignment commissioning step and then
repeat the coarse-phasing and single-field fine-phasing process.
Therefore, we can conclude that the efficiency of the current
alignment strategy is low.

In this paper, the current alignment strategy mainly refers to
the one presented in Refs. [4,7]. In effect, there exists another
strategy for eliminating the field-dependent aberrations, which
is presented in Ref. [25]. Specifically, in this strategy, the SM is
adjusted to achieve a least-square alignment state of the system
in the multi-field fine-phasing process. Note that the field-de-
pendent and field-constant aberrations cannot be corrected si-
multaneously just by adjusting the SM. We can infer that after
using this strategy a field-constant coma will also be introduced
into the system, but the magnitude of it is relatively small; the
magnitudes of the two field-dependent aberrations will be re-
duced, but cannot be eliminated. This is what “least-square
alignment state” means in this case. Therefore, after adjusting
the SM using this strategy, we also need to adjust the PM to
reestablish an acceptable wavefront on axis; since the field-
dependent aberrations have not been eliminated by adjusting
the SM (and some may also be reintroduced into the system
after adjusting the PM), the SM will be further readjusted
to achieve a least-square state of the system [25]. We can easily
recognize that this strategy also needs iterative alignment of the
PM and the SM before the system is completely aligned.
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FFDs for the coma (Z7/Z8) (a) before and (b) after applying the corrective SM moves to eliminate the field-dependent aberrations. We

can see that the on-axis coma is nearly in a compensated state before correction, and a large coma is introduced into the system after correction.

Therefore, while the two existing strategies seem different, they
have the same deep-rooted problems, i.e., the field-dependent
and field-constant aberrations cannot be eliminated simultane-
ously, and the iterative alignment of the PM and SM are usually

needed.

B. New Alignment Strategy for Eliminating the
Field-dependent Aberrations

To improve the alignment efficiency of the multi-field fine-
phasing process, we propose here a new alignment strategy.
In this new strategy, we do not directly use the SM degrees
of freedom to eliminate both types of the field-dependent aber-
rations. On one hand, we adjust the SM to eliminate the as-
tigmatism, while maintaining an acceptable WFE on axis. This
can be interpreted as eliminating the astigmatism by rotating
the SM around its coma pivot point. Then, the residual medial
focal surface can easily be corrected by slightly adjusting the
detector. One of the main characteristics of this new strategy
is that when correcting one aberration, those aberrations that

= Before correction
. + _After correction

0.69 + + + +

R L
0 20 40 60 80

Misalignment state number

Fig. 8. Magnitudes of the on-axis coma before and after applying
the SM moves to correct the field-dependent aberrations. We can see
that a large on-axis coma will arise after correction.

have been corrected will not be further reintroduced into the
system. Specifically, when using the SM modes to correct the
field-dependent astigmatism, the on-axis coma can also be con-
trolled at the same time; when using the detector to correct the
residual medial focal surface, other aberrations are unaffected.
Consequently, we can infer that one of the main advantages of
this strategy is that the PM is no longer needed to readjust in
the multi-field fine-phasing process, and, therefore, greatly im-
proves the alignment efficiency of the multi-field fine-phasing
process.

Here, we first determine the corrective SM modes to elimi-
nate the astigmatism, while assuring that no field-constant coma
will be introduced into the system, which can be expressed as

—;1222 = ngzz)Ang + TQZZ)ABSM) (38)

= S AVeu + T4 Ay (39)
Here, S(Bl) and Tg\il) are the sensitivities of the vector 21131
that represents the magnitude and orientation of the misalign-
ment-induced field-constant coma to the misalignment param-

eters of the SM. They have similar expressions with 5(222) nd

T& ), respectively, except that the astigmatic aberration coeffi-
cient for each individual surface should be replaced with the
corresponding coma aberration coefficient.

This step can be interpreted as eliminating the astigmatism
by rotating the SM around its coma pivot point. The position
of the coma pivot point of the SM can be given by

AV 7130
Lp,=-—M= (Sf;l) . (40)
Afsvy Som

In effect, even if the on-axis coma is not well compensated
at the single-field fine-phasing process, in the multi-field fine-
phasing process, we can further use the SM modes to eliminate
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the residual coma. In this case, this new alignment strategy
can be interpreted as first using the SM modes to eliminate the
astigmatism and the residual coma, and then correcting the
residual medial focal surface with the tip-tilts of the detector.

In this case, the magnitude and orientation of A1 31 should
be determined before computing the SM moves to eliminate
the astigmatism and coma. The net coma aberration contribu-
tion induced by misalignments can be expressed as

AW Goma = ~(A131 - D) - D). (41)
Using the vector multiplication of NAT, Eq. (41) can be

rewritten as
_ 3
AW s = [ él3l,x:| . {P cos ¢]‘ (42)

Then, by referring to the correspondence between the Seidel
coefficients and the Zernike coefficients, we can obtain

2131 :| |:3C7 - 3C10 - 12C14:|
- * = —A . 43
|:A131,}, 3C8 - 3C’ll - 12C15 ( )

Wavefront measurements at a minimum of one field point
can be used to determine A;3;. If wavefront measurements at
more than one field point are available, A3, can be determined
by solving the over-determined equations.

In this case, Eq. (39) should be replaced with the following

expression:
Az = SG" AV + T Ay, (44)

when determining the SM moves accompanied with Eq. (38).

After using the corrective SM modes to eliminate the astig-
matism and control the coma aberration at the same time, we
can tilt the detector to correct the residual medial focal surface.
This is because the medial focal surface induced by misalign-
ments of the mirrors, which is essentially a kind of field-
dependent focus, as shown in Fig. 2, can not only be induced
by mirror misalignments, but also can be induced by the
tip—tilt misalignments of the detector. This is one of the im-
portant differences between the medial focal surface and other
aberrations, such as astigmatism and coma, which are nearly
unaffected by the misalignments of the detector. The net
medial focal surface induced by the tip-tilts of the detector
can be expressed as

AW \ips = -2(T'epPrp - H) - (b - p), (45)
where frp represents the tip—tilt of the detector. 7gp is a con-
stant, which is expressed as

1 _
Tpp = _W : f Upm» (46)

where F* represents the F number of the system, £ is the focal
length, %py; is the paraxial chief ray angle at the PM, and A
represents the field vector normalized by Zpy,.

Comparing the expression of Eq. (45) with Eqs. (7) and
(17), we can recognize that the coefficient 7'pp can be inter-

preted as the sensitivity of the vector Ay, to the tip-tilts of

the detector. Therefore, supposing Af/SM and ABSM are the
corrective. SM modes for eliminating the field-dependent
astigmatism while controlling the coma aberration field, which

can be computed with Egs. (38) and (44), then the corrective
tip-tilts of the detector for eliminating the residual medial focal
surface can be calculated simultaneously with the following
expression:

- 1
A = -
ﬂFP T}:

[A220M + 55 2OM)AVSM + T(220M) ABSM]-

@7

Note that 2220 s is usually measured in A, while 7'gp is usu-
ally measured in mm. A conversion of measurement units is
needed when using Eq. (47) to compute the corrective tip-tilts
of the detector.

In practice, the position of the detector may be fixed, and we
cannot adjust the tip-tilts of the detector. In this case, we can
use some equivalent methods that have similar effects with the
tip-tilts of the detector to correct the residual medial focal sur-
face, such as tip-tilting the fold mirror. However, we should
note that directly tip-tilting the fold mirror can also introduce
transverse displacement of the image. Therefore, in this case,
we should not only adjust the tip-tilts of the fold mirror to
correct the residual medial focal surface, but also adjust the de-
centers of the fold mirror to maintain the position of the image
at the detector.

We should point out that the system is in a compensated
state after the multi-field fine-phasing process using this new
strategy, not in the nominal state. However, the system cannot
be aligned to the nominal state even using the current alignment
strategy either. In effect, under certain perturbation circumstan-
ces the system can achieve a high imaging quality even in a com-
pensated state. We will perform Monte Carlo simulations to
demonstrate this point in the following part of this section.

C. Simulations

In this part, we will present detailed simulations to demonstrate
the efficiency of the new alignment strategy for eliminating the
field-dependent aberrations. Specifically, we will compute the
corrective SM modes and detector tip-tilts that are needed in
this strategy for different misalignment states in different per-
turbation ranges, and then apply them to the system to see if all
three dominant aberrations are well corrected.

We first introduce one set of misalignments of the PM and
SM into the simulation software Code V. Utilizing the analytic
computation approach presented in this section, the corrective
SM modes and the tip-tilts of the detector can be obtained. The
specific misalignments of the PM and SM simulated here are
presented in rows A and B of Table 4 (the same as Table 1),
respectively. The misalignments of the SM after correction with
the new strategy, are presented in row C. The tip-tilts of the
detector are presented in row D. The medial focal surface, as-
tigmatic, and the coma aberration field before and after correc-
tion with the new alignment strategy are shown in Fig. 9.

We can see from Fig. 9 that the two field-dependent aber-
rations, i.e., medial focal surface and astigmatism, are well
eliminated. Besides, the coma aberration field is nearly in a
compensated state before correction. After correction, this aber-
ration can further be controlled.

To further demonstrate the efficiency of the new alignment
strategy, Monte Carlo simulations will be performed. Three
different cases with different misalignment ranges will be



2736 Vol. 56, No. 10 / April 1 2017 / Applied Optics

Research Article

Table 4. Introduced PM and SM Misalignments Before
Correction (A and B) and the SM Misalignments (C) and
Tip-Tilts of the Detector (D) After Correction

XDE (mm) YDE (mm) ADE (deg) BDE (deg)
A 0.1113 -0.0996 0.0010 -0.0004
B -0.0283 -0.1410 0.0060 0.0045
C 0.0602 -0.2292 0.0008 -0.0003
D \ \ -0.0146 -0.0111

considered in the Monte Carlo simulations. The specific mis-
alignment ranges in each case are the same as those presented in
Table 2. For each case, 100 misalignment states will be gen-
erated with similar methods to meet the premise that the
PM and SM are in a compensated state for the on-axis coma.
For each misalignment state, we can compute the corrective
SM modes and the tip-tilts of the detector using the new align-
ment strategy with wavefront measurements at four field
points, (-0.1°, 0.1°), (0.1°,0.1°), (-0.1°, -0.1°), and (-0.1°,
0.1°). Then, we apply them to the system. Lastly, we compute
the average root mean square (RMS) WEE before and after
correction at four off-axis field points, (-0.25°, 0.25°),
(0.25°,0.25°), (-0.25°, -0.25°), and (-0.25°, 0.25°). The results

are shown in Fig. 10.

— 0.5 waves (1000.0 nm)

—— (.5 waves (1000.0 nm)

We can see that in all three cases, the mean RMS WFE at
the four off-axis field points are nearly corrected to the nominal
state (the mean RMS WEFE at the four field points is 0.06911 at
the nominal state). While there still exists a deviation between
the RMS WEFE at each of the four field points and the mean
value of them, this deviation is rather small (<0.0054), and
we can consider that the aberrations of the system are well
corrected.

Besides, we should also point out that as the perturbation
range increases, the magnitude of the tip—tilt of the detector
needed will increase correspondingly. Up to some level, the
magnitude of the tip—tilt of the detector that is needed may
go beyond the adjustment range of the system in practical
applications. The magnitudes of the tip—tilt of the detector
for the three cases simulated in the previous part of this section
are shown in Fig. 11. While in all three cases, the aberrations of
the system can be well corrected, as shown in Fig. 10, the mag-
nitude of the tip—tilt of the detector needed in Case 3 is a little
larger from an engineering point of view.

Nevertheless, this does not diminish the value of the new
strategy. On one hand, after the global alignment commission-
ing step, course-phasing, and fine-phasing process, most of
the misalignments of the system have been controlled. On the
other hand, we can directly increase the adjustment range for
the tip—tilt of the system and properly decrease the adjustment
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Fig. 9. FFDs for medial focal surface (Z4), astigmatism (Z5/Z6), and coma (Z7/Z8) (a) before and (b) after correction with the new alignment

strategy. We can see that the two field-dependent aberrations are well eliminated, and the coma aberration field can also be further controlled.
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Fig. 10. Mean RMS WEE for the three different cases with increasing perturbation ranges before and after correction with the new alignment
strategy. We can see that for all three cases, the aberrations of the system (most of them are field-dependent) are well corrected.

accuracy, because the aberrations of the system are not very sen-
sitive to the tip-tilts of the detector. Besides, the new strategy
can also be combined with other alignment strategies, such as
the current strategy. Specifically, we can first use the current
alignment strategy to partly reduce the magnitudes of the mis-
alignments; after one or two alignment iterations, we can con-
tinue to use the new strategy to accelerate the convergence of
the alignment process.
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Fig. 11. Magnitudes of the tip—tilt of the detector that are needed
to correct the residual medial focal surface for the three different cases
presented in Table 2. We can see that as the perturbation range
increases, the magnitude of the tip—tilt of the detector will increase
correspondingly.

D. Problem of the Current Alignment Strategy for
the Case of a Tilted Detector

In this part, we will discuss the problem of the current strategy
for the case of a tip-tilted detector to further illustrate the ra-
tionality of the new strategy. The detector itself can be in a
misaligned state due to the strong transient shock in the launch
process of the rocket, and gravity unloading, temperature varia-
tion, and platform vibration on orbit. When taking these facts
into account, it is very reasonable to use the SM modes to
eliminate the astigmatism while maintaining an acceptable
WFEE on axis, leaving the residual focal surface to be corrected
by adjusting the detector. On the contrary, it is very inappro-
priate to use the SM modes to correct the focal surface induced
by the tip—tilt misalignments of the detector.

The tip-tilts of the detector can also introduce some mounts
of field-dependent focus, which has the same characteristic as
the medial focal surface induced by mirror misalignments.
Therefore, in the presence of a tip-tilted detector, it is very
likely that a larger magnitude of SM moves is needed to elimi-
nate the two types of field-dependent aberrations, compared to
the case of a well-aligned detector. Consequently, a larger on-
axis coma will be introduced into the system after applying the
corrective SM moves to the system.

To illustrate this problem, Monte Carlo simulations will be
performed. For the same 100 misalignment states of the PM
and SM utilized in Section 3, on one hand, we calculate the
magnitudes of the decenter and tip—tilt misalignments of
the SM after correction, using the current strategy when the
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Fig. 12. Magnitudes of the (a) decenter and (b) tip—tilt misalignments of SM after eliminating the field-dependent aberrations with the current
strategy for the case of a tip-tilted detector and the case of a well-aligned detector. We can recognize that the magnitudes of the misalignments of the
SM after correction for the case of a tip-tilted detector are larger than those for the case of a well-aligned detector.

detector is well aligned; on the other hand, we do the same
thing when the detector is misaligned with a 0.05° tip—tilt
in a random direction. The magnitudes of the decenter and
tip—tilt misalignments of the SM for these two cases are shown
in Fig. 12. Here, |V g\| and |fsy| represent the magnitudes of
the decenter and tip—tilt misalignments of the SM, respectively
(each measured in mm and degrees, respectlvely) They are the

modulus of the two vectors, VSM and ﬂSM, e, |[Voul =

VXDE%, + YDE%, and |Bsu| =+\/ADE%, + BDEZ,.
We can recognize that when the detector is tip-tilted, the mag-
nitudes of the misalignments of the SM after correction are
larger than those for the case of a well-aligned detector.
Besides, the on-axis coma before and after correction for the
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Fig. 13. Magnitudes of the on-axis coma before and after applying
the SM moves to correct the field-dependent aberrations with the cur-
rent strategy in the presence of the tip-tilts of the detector. We can see
that in this case a far larger on-axis coma will arise after correction
compared to Fig. 8. This indicates that a far larger adjustment of
the PM will be needed to reestablish an acceptable WFE, which, un-
fortunately, may further reintroduce a far larger magnitude of field-
dependent aberrations to the system. In this case, it is very likely that
the iterative alignment of the PM and SM for eliminating the field-
dependent aberrations cannot converge at all.

case of a tip-tilted detector are shown in Fig. 13. Comparing
Fig. 13 with Fig. 8, we can see that a far larger on-axis coma will
be induced.

Consequently, to eliminate this larger field-constant coma, a
larger adjustment of the PM will be needed after applying the
corrective SM moves. Further, as discussed before, the field-de-
pendent aberrations cannot be controlled simultaneously when
re-establishing an acceptable wavefront on axis by adjusting the
PM. Consequently, a larger adjustment of the PM can mean
that larger field-dependent aberrations will be further reintro-
duced into the system. In this case, it is very likely that this
iterative alignment of the PM and SM for eliminating the
field-dependent aberrations cannot converge at all. The worst
result is that the magnitudes of the misalignments of the PM
and SM are larger and larger during the iterative alignment
process of the system using the current alignment strategy.

Therefore, one important premise for the practicability of
the current strategy for eliminating the field-dependent aberra-
tions is the good alignment state of the detector. Taking this
fact into consideration, we also strongly recommend that the
practicability of the current alignment strategy for eliminating
the field-dependent aberrations should be revalidated to ac-
count for the case of a misaligned detector. In contrast, the

Fig. 14. Optical layout of the simulated TMA telescope, which has
similar optical and structural parameters with the JWST.
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Table 5. Optical Prescription of the Simulated TMA
Telescope

Conic Radius Thickness
Surface Type Constant (mm) (mm)
PM Conic -0.9948 -16,287.099 -7170
SM Conic -1.8351 -2317.426 7965
™ Conic -0.7202 -2702.327 -1845
Fold Flat 3006.2045
mirror
Image Flat

Table 6. Third-order Aberration Coefficients of the
Simulated TMA Telescope?

PM M ™
Wi -233.3576 101.2478 -19.9432
WL 0 113.1192 40.3646
Wy, 2.0413 3.4384 4.5734
Wb, 0 3.5926 ~6.7610
W o, 0.2710 24693 41268
W5k, 0 3.5930 22,0571

“The aberration coefficients are computed at a field angle of 0.1° at a
wavelength of 1 pm.

new strategy can well apply to the case of a tilted detector. The
tip-tilts of the detector can hardly affect the astigmatism and
coma. We can still use the SM modes to control the astigma-
tism and coma at the same time. Then, the residual medial focal
surface, including those contributed from the tip-tilts of the de-
tector can be corrected by adjusting the tip-tilts of the detector.

5. CONCLUSION

This paper concentrates on the multi-field fine-phasing process
in the on-orbit alignment of the JWST-like space telescopes.
During the single-field fine-phasing process, an acceptable
WEFE at the on-axis field point is established. However, there
still exist some field-dependent aberrations in the system,
which degrades the imaging quality at the off-axis field point.
Special alignment strategies are needed to eliminate these field-
dependent aberrations in the multi-field fine-phasing process.

Presently, an established alignment strategy directly uses the
SM moves to eliminate the two kinds of the field-dependent
aberrations, i.e., astigmatism and medial focal surface. A
numerical method is used to determine the corrective SM
moves at present. To provide an in-depth understanding of this
current alignment strategy and answer some basic questions
about this strategy, we present an analytic study on this current
alignment strategy using the NAT. Monte Carlo simulations
demonstrate that this strategy can greatly reduce the field
dependency of the WFEs.

However, we can still recognize that there exist some prob-
lems in this current alignment strategy. Specifically, a large field-
constant coma can be introduced into the system when directly
using the SM modes to eliminate the field-dependent aberra-
tions. In this case, once the SM corrections are applied, the PM
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must be adjusted to reestablish an acceptable wavefront on-axis,
which, unfortunately, can further introduce some field-
dependent aberrations. The underlying reason for this is that
when eliminating the field-dependent aberrations, the WFEs
at the on-axis field point are not well controlled simultaneously
(when establishing an acceptable wavefront on-axis by adjust-
ing the PM segments during the single-field fine-phasing
process, the field-dependent aberrations are not controlled
simultaneously either). We can infer that quite a lot of itera-
tions may be required to achieve the adequate alignment of the
system. Note that adjusting the PM segments to achieve an
acceptable wavefront on-axis after moving the SM is really a
complicated and time-consuming work. To this end, we need
go back to the global alignment commissioning step and then
repeat the coarse-phasing and single-field fine-phasing process.
This will reduce the efficiency of the on-orbit alignment of the
JWST-like space telescopes and increase the uncertainty and
cost of this process.

A new alignment strategy is further proposed to improve the
alignment efficiency of the multi-field fine-phasing process
based on a deep understanding of the aberration condition of
the JWST-like space telescopes before the multi-field fine-
phasing process and the problem of the current strategy. In this
new strategy, we do not directly use the SM degrees of freedom
to eliminate both types of the field-dependent aberrations. On
one hand, we adjust the SM to eliminate one of the field-
dependent aberrations, astigmatism, while maintaining an
acceptable WFE on axis. This can be interpreted as eliminating
the astigmatism by rotating the SM around its coma pivot
point. Then, the residual medial focal surface, i.c., another
field-dependent aberration, can easily be corrected by slightly
adjusting the tip—tilt of the detector. One of the main advan-
tages of this strategy is that the segmented PM is no longer
needed to readjust in the multi-field fine-phasing process,
and therefore improving the alignment efficiency of this proc-
ess. Detailed simulations are also conducted to demonstrate the
efficiency of this new alignment strategy. Besides, some deeper
discussions are further presented to illustrate the practicability
and rationality of this new strategy, especially when the perfect
alignment of the detector cannot be guaranteed.

By presenting an analytic study on the current alignment
strategy, revealing the deficiency of this strategy, and further
presenting a new one, this paper can not only contribute to an
in-depth understanding about eliminating the field-dependent
aberrations in the multi-field fine-phasing process, but also
present a possibility for improving the efficiency of this process.

APPENDIX A

This Appendix provides the layout, prescription, and third-
order aberration coefficients for the TMA telescope simulated
in this paper, which have similar optical parameters as the
JWST. The layout of this TMA telescope is shown in
Fig. 14, and the prescription and third-order aberration coef-
ficients of this TMA telescope are presented in Tables 5 and 6,
respectively. Note that these aberrations are a little different
from those directly obtained from the optical simulation
software. They are computed with a similar method to that
presented in Ref. [21].
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