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ABSTRACT

In order to perform spectrometric measurements, the
Near Infrared Spectrometer (NIRSpec) aboard the
James Webb Space Telescope (JWST) needs the ability
to select various spectral band widths and split these up
into its comprised wavelengths. These functions are
achieved by the Filter Wheel Assembly (FWA) and the
Grating Wheel Assembly (GWA). The filters of the
FWA select a different bandwidth of the spectrum each
while the gratings on the GWA yield specific diffractive
characteristic for spectral segmentation. A high spectral
sensitivity as well as the ability to detect the spectra of
various objects at the same time result in high
requirements regarding the positioning accuracy of the
optics of both mechanisms in order to link the detected
spectra to the 2-dimensional images of the observed
objects.

Figure 1-1:

The NIRSpec mechanism including FWA and GWA
will operate at temperature levels below 42K which are
established during testing inside of a cryostat. However
the alignment and testing of these mechanisms requires
a lot of thought since there is very limited access to the
item under test within such a device. Alignment needs
to be preloaded based on simulations and testing is
reduced to optical methods and evaluation of electrical
signals.
This paper describes the methods used for the various
alignment steps, the corresponding tests and their
precision of measurement as well as the achieved
accuracies in the mechanism performance.
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INTRODUCTION

The James Webb Space Telescope (JWST) comes with
a spectrometer (NIRSpec) designed for the near infrared
spectrum in order to detect stellar objects covered by
clouds of gas in the visible spectrum. The spectrometer
uses diffractive gratings to spatially separate the
incoming light and analyze several objects
simultaneously. The NIRSpec mechanism yields 6
different gratings and one prism to work with various
spectral resolutions and in different ranges of the
infrared spectrum. A target acquisition mirror (TAM)
allows allocation of the spectra and the corresponding
stellar objects. These 8 optical elements are integrated
on a grating wheel assembly (GWA, see Figure 2-2). It
exchanges the diffractive optic within the instruments
beam path with high precision in order to allow

Figure 2-1:
3

correlation of different spectra taken from the same
object.
To avoid the overlap of various orders of diffraction on
the detector, a set of spectral filters was designed to
select the desired wavelength range. These filters are
mounted on a mechanism quite similar to the GWA. It
moves one filter into the beam path to build a fitting
combination of grating in use and preselected range of
wavelength. This filter wheel assembly (FWA, see
Figure 2-1) holds four edge filters and two band filters
for various wavelengths, one clear filter for target
acquisition and a mirror assembly for in-orbit
calibration and pupil alignment during integration of the
mechanism.

the FWA mechanism

Figure 2-2: the GWA mechanism

REQUIREMENTS AND VERIFICATION
3.1

Mechanical alignment

Since both FWA and GWA are mechanisms actively
influencing the beam path of the instrument, precise and
repeatable alignment of the currently used optic is
essential to ensure a stable image on the detector.
Especially the GWA alignment is crucial since its optic
works in reflection where every tilt of the optic is
carried over directly into the alignment of the
instrument. The FWA on the other hand uses planar
elements working in transmission inducing but a
fraction of their misalignment into an aberration of the
beam.

Additionally, a change in temperature results in a
change of alignment due to the varying CTE (coefficient
of thermal expansion) of different components of the
mechanism. Therefore, a prediction of the change in
lateral position and tilt was calculated for ever optical
element using finite element analysis (FEM). This
change, referred to as cryo shift, was used to determine
the target alignment at room temperature.
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The verification of alignment under room temperature
and cryogenic conditions was performed in several
steps. Rotations of any sort were measured using an
electrical autocollimator (Elkomat 3000) with an
accuracy of better than 0.1arcsec. Distances at room
temperature were measured tactilely using a high
precision 3D measurement machine (Carat 850) with an
accuracy below 1µm. Any further alignment tests were
performed relatively to those measurements. Changes in
tilt, due to finite repeatability accuracy or tilt
measurements inside the cryostat were measured using
an external reference bar mounted on the same base

Figure 3-1:

plate as the mechanism itself. These reference bars are
shown on the left side of Figure 2-2 for the GWA and
partly in Figure 2-1 for the FWA (behind the wheel). It
features mirrors both as reference for the optics and to
qualify the stability of the reference bar during
temperature changes. The reference bar is fully qualified
regarding its CTE for the defined temperature range
ensuring a known position of its mirrors between 22K
and 303K. The reference bar also features several
crosshair targets with a precisely known distance from
each other as lateral calibration marks.

ruled grating with reference mark

Corresponding to these marks, there exist equal marks
on the lateral surfaces of the gratings (see Figure 3-1)
and on the outer rim of the filter wheel as reference for
the filters. These marking were observed by a camera
setup with telecentric optics under ambient and
cryogenic temperatures. Images were taken and the
resolution of the camera was determined using the
known distances of the hairlines on the reference bar.
Afterwards the distance between one hairline on the bar
and one on the optic substrate could be determined with
sub-pixel accuracy using a custom designed software.
This estimated accuracy of this camera setup is 10µm.

resulting in a crosstalk of some specified values during
alignment.
In order to align the GWA as best as possible, the
specified degrees of freedom were rated and special
attention was paid to those parameters found to be more
crucial. The lateral alignment along X- and Y-axis,
respectively shifting the grating sideways were found to
be important. In case of a misalignment in this direction,
the unruled edge of the gratings would move into the
clear aperture of the beam and induce straylight while
the image intensity itself would decrease. The lateral
alignment along Z-axis on the other hand means shifting
the grating along the optical axis which can be
compensated by the refocus mechanism. This parameter
was therefore rated as less crucial. The tilt of the
gratings around X- and Y-axis was rated over the tilt
around Z-axis since a rotation of the grating around the
optical axis (Z-axis) can be compensated by calibration.
Rotations perpendicular to the optical axis on the other
hand result in a deflection of the beam causing
information loss when parts of the intended field of
view are laterally shifted of the detector.

Table 3-1 and Table 3-2 show both the aspired accuracy
for FWA and GWA and the accomplished alignment for
flight models (FM) and flight spare models (FS). For
further clarification, the mechanism coordinate systems
are illustrated in Figure 2-1 and Figure 2-2. It can be
seen, that the FWA FM mechanism is fully compliant
with the aimed values while the FWA FS is still under
test. However the intended accuracy for the GWA
mechanisms could only be achieved partly. Reason for
that is presumed to be the complex mounting system of
the gratings, necessary both to compensate temperature
changes of more than 270K and to survive high
vibration loads without any change in alignment.
Unfortunately, this design does not allow an
independent alignment of various degrees of freedom

Summarizing it can be stated that the intended
alignment of the GWA was not fully compliant on
mechanism level. However no performance loss on
instrument level was observed on that account.
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Table 3-1:

required and achieved alignment accuracy of the FWA FM

[µm / arcsec]

FWA FM
average

lateral alignment

range
average

tilt X / Y

range
average

tilt Z

range

Table 3-2:

0 – 180
21
0 – 86
21
0 – 86

average

tilt Z

3.2

200

still under test

120

still under test

120

range

GWA FS
10

0 – 42

0 – 90

range

294

165

0 – 650

0 – 429

average
tilt X / Y

still under test

GWA FM
4

average
lateral alignment Z

required

required and achieved alignment accuracy of GWA FM and FS

[µm / arcsec]
lateral alignment X / Y

29

FWA FS

164

218

range

0 – 980

0 – 914

average

354
0 – 753

130
0 – 417

range

required
100
100
10
30

Position repeatability

For calibration of the image position in different
spectral band widths a knowledge of the relative image
positions is essential. However since both wheel
mechanisms will be moved frequently during instrument
operation, a stable image position on the detector can
only be achieved by a low positioning repeatability of
the optics. Therefore a long term average was specified
with a standard deviation (1σ) below 10arcsec for the
FWA and below 2.5arcsec for the GWA for each
position. This standard deviation was verified both at
295K and at 30K using the electronic autocollimator
mentioned in chapter 3.1. The results were satisfying
but differing with a slight variation of friction of the
central ball bearing and the spring preload of the ratchet.

filters are tilted by 5.3° against the plain of the wheel in
this direction. If now the wheel is rotated by a small
amount, this 5.3° influences the Y-direction stronger.
The CPM in position 6 could not be measured with that
accuracy since the electronic autocollimator measures
planar surfaces only. No great deviation from the other
optics is expected though, since the components leading
to this accuracy are identical to those for the other
optics.
In Table 3-4 and Table 3-5 the results for the GWA FM
and GWA FS are listed. All values are averages
calculated from 2 test with 5 revolutions forward and 5
revolutions backward each. The first thing to notice is
that the repeatability in Y-direction is worse by a factor
ten with respect to the other two directions. This is
plausible since the movement axis of the wheel is
parallel to Y-axis. Therefore any variation in wheel
azimuth influences this direction strongest.

Table 3-3 shows the achieved 1σ values for the FWA
FM under ambient and cryogenic conditions. All values
are well within the specified +/-10arcsec. The data
shows, that the repeatability in Y-direction is slightly
higher an in X-direction which is due to the fact, that the
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Table 3-3:
FWA FM
Pos.
1
2
3
4
5
6
7

optic
BB-A
LP-I
Clear
LP-07
BB-B
CPM
LP-III

8

LP-II

repeatability for FWA FM under ambient and cryogenic conditions
Room temperature (295K)

Cryogenic conditions (30K)

X [arcsec]
Y [arcsec]
0.25
0.89
0.25
0.71
0.11
0.48
0.29
0.60
0.25
0.62
not measured
0.39
0.85

X [arcsec]
Y [arcsec]
0.36
0.40
0.46
0.53
0.27
0.48
0.25
0.58
0.34
0.59
not measured
0.35
0.47

0.22

0.99

The variations between different positions are believed
to be random noise since there were no differences
found to explain them and these variations could not be
repeated between the tests. Overall it can be stated that
the repeatability under cryogenic conditions is slightly
higher than at room temperature possibly due to the
higher bearing friction at room temperature. There are 4
Table 3-4:
GWA FM [arcesc]
Pos.
optic
1
prism
2
TAM
3
GRA 3000-I
4
GRA 3000-II
5
GRA 3000-III
6
GRA 1000-I
7
GRA 1000-II
8
GRA 1000-III

Table 3-5:
GWA FS [arcesc]
Pos.
optic
1
prism
2
TAM
3
GRA 3000-I
4
GRA 3000-II
5
GRA 3000-III
6
GRA 1000-I
7
GRA 1000-II
8
GRA 1000-III

0.25

0.35

values in total exceeding the specified 2.5arcsec which
can be tolerated since they are in Y-direction only and
still within the range of the tilt sensor function of the
GWA. This function enables the user to compensate tilts
around the Y-axis by calibration. It is further described
in chapter 3.5.

repeatability for GWA FM under ambient and cryogenic conditions

X
0.16
0.15
0.13
0.18
0.15
0.07
0.11
0.08

Room temperature
Y
1.56
1.46
1.17
1.43
1.21
1.29
1.24
1.14

Z
0.16
0.41
0.42
0.41
0.50
0.30
0.31
0.35

X
0.15
0.23
0.24
0.30
0.26
0.21
0.24
0.28

Cryogenic conditions
Y
2.42
3.64
2.29
2.36
2.31
1.92
2.13
2.60

Z
0.20
0.16
0.18
0.17
0.18
0.20
0.22
0.23

repeatability for GWA FS under ambient and cryogenic conditions

X
0.20
0.19
0.16
0.13
0.10
0.11
0.11
0.11

Room temperature
Y
1.10
0.83
2.10
1.38
1.72
1.88
1.77
3.10
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Z
0.12
0.14
0.13
0.08
0.10
0.15
0.20
0.18

X
0.16
0.12
0.13
0.13
0.13
0.10
0.15
0.12

Cryogenic conditions
Y
1.44
1.62
2.22
2.09
1.73
2.10
2.42
2.70

Z
0.25
0.30
0.27
0.34
0.30
0.17
0.23
0.21

3.3

Surface deformations and Wavefront Error of the optics

The measurement of the wavefront error (WFE) under
cryogenic conditions has to be performed in a visible
wavelength since measurements in the spectral range of
operation require a cooled detector resulting in a quite
high effort. The measurements were performed at
633nm instead since the windows of the cryostat are
anti-reflex coated for the electronic collimators at
660nm. Therefore a D100 interferometer with 633nm
wavelength is used. Since all the optics, except the
clear filter, of the FWA are impenetrable for this
wavelength, an additional Fisba interferometer with
1064nm was used to determine the WFE in transmission
for LP-07 and LP-I filter connecting the magnitude of
surface deformation to the WFE in transmission. For all
optics not allowing transmission at this wavelength, an
estimation of the transmission WFE was made based on
this connection.

align the GWA or FWA with respect to the window and
the interferometer. Therefore the WFE under cryogenic
conditions was qualified on component level placing
each optical element inside a small cryostat using a
custom mounting device to align the optics towards
window and interferometer before closing the cryostat.
Findings are, that the filters in general show a surface
deformation of a few hundred nanometers RMS
consisting mostly of astigmatism and defocus. However,
due to the symmetrical deformation of both surfaces,
this does not affect the WFE in transmission which
stays below 20nm for all measured filters.
As example Figure 3-2 shows the WFE of an LP-07
edge filter at 78K in reflection. Figure 3-3 shows the
same filter under identical conditions in transmission. It
can be seen, that the surface deformation does not cross
talk to the WFE in transmission raising the conclusion
that both optical surfaces deform in the same way and
amount but with inverted shape. Therefore one
deformed surface compensates the WFE deformation of
the other in transmission.

Since the diffractive orders of the gratings are aligned to
be perpendicular for nominal wavelengths in infra red
only, a WFE measurement at 633nm results in spatially
varying diffractive orders requiring inappropriate big
windows in the cryostat hull or very complex means to

Figure 3-2:

Figure 3-3:

surface wavefront error of a typical filter (LP-07 A12)

wavefront error of the same filter (LP-07 A12) in transmission
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Figure 3-4:

wavefront error of GRA 1000-III B13

A wider range of surface deformations was detected on
the gratings of the GWA. Here the reflective WFE
provides information on the performance. The WFEs
found were largely dominated by defocus combined
with an astigmatism of lower magnitude induced mostly
by mounting or thermal stress combined with bimetallic
bending of the gold layer on top of the zerodur
substrate. The WFEs measured are below 100nm RMS
for most of the optics which is acceptable though higher
than expected. Figure 3-4 shows a typical grating WFE
(Grating 1000-III) as example.
3.4

The accuracy of the calculated results is estimated to be
below 1nm RMS using a known high precision mirror
for calibration of the interferometer.
An additional calibration waveforms was used to
compensate the cryostat window within the
interferometer cavity. For every test result, three
measurements, each consisting of 5000 single images,
were averaged in order to reduce air swirling,
temperature gradients and vibrations within the cavity.

Motorization

In order to perform the desired movement, the GWA /
FWA main structure (MS) is equipped with a central
duplex ball bearing using a CTE optimised material
combination to ensure low friction under cryogenic
conditions as well as full functionality at room
temperature for testing combined with a high preload to
avoid launch vibration damage. The wheel is driven by
a C116 Cryomotor using a set of 6 coils for nominal
operation and a second set of 6 coils for redundancy.
The requirements for motorization are a low power
consumption also resulting in a low thermal induction
into the cryogenic system, quick movement time to
increase operation speed in space and a high margin of
safety for the motorization. This last requirement aims
at operating the mechanism outside the specified
parameters like overcoming higher bearing frictions e.g.
operation after the end of the specified lifetime.
The electrical operations were performed using custom
EGSE provided by MPIA. This EGSE powers the
nominal and / or redundant coil set with up to 800mA
using drive profiles that allows the user to operate the
motor in micro stepping mode. Further more the EGSE

reads out the signal of two mechanism internal
temperature sensors and 2 position sensors for the FWA
respectively 4 position sensors for the GWA. The
working principle of these position sensors is described
in chapter 3.5.
The motorization margin describes the ratio of
maximum applicable current to the lowest current,
needed to move the wheel from one to its adjacent
position. It is mainly influenced by the friction of the
central ball bearing and the force needed to overcome
the resistance of the ratchet. It was determined by
applying a waveform too week to move the wheel into
next position and raising its current by 10mA until a
reliable movement was observed.
The motorisation currents for the various mechanisms
and the corresponding margins are shown in Table 3-6.
These values differ for room temperature (295K) and
cryogenic conditions (30K) mainly because the friction
of the central ball bearing decreases by about 75% while
the preload of the ratchet increases by about 20% under
cryogenic conditions.
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Table 3-6:

FWA FM
current
margin
190mA
4.2
155mA
5.2

295K
30K

Table 3-7:

[s]
295K
30K

motorization current and margin at 295K and 30K

average
5.1
7.8

GWA FM
current
margin
180mA
4.4
140mA
5.7

margin
3.6
4.4

movement time at room temperature and under cryogenic conditions

FWA FM
range
5.0 – 5.3
6.7 – 9.5

average
5.5
10.9

GWA FM
range
5.5 - 5.6
5.4 - 16.2

However, operating the mechanisms with the lowest
possible current is not advisable since a week
connection between rotor and stator comes with that
resulting in a long settling time while the wheel
oscillates between two index ball bearings. Therefore it
was necessary to emphasis between low currents with
low heat induction and a faster movement time for
higher operation speed. It was decided to use a drive
profile with 700mA for 5.0s as nominal operation
profile for the FWA. For the GWA these drive profiles
were replaced by improved profiles with a duration of
5.5s. Thus the movement time from one to its adjacent
position therefore comprises of 5.0s or 5.5s of powered
movement and a the time to settle the oscillation of the
wheel. The aim was to achieve an overall movement
time of 7.7s or less. The test results are summarized in
Table 3-7.

average
5.5
8.1

GWA FS
range
5.4 – 5.6
7.4 – 8.9

Figure 3-5 shows a typical drive profile for the GWA
FS used to determine the movement time. The electrical
response of the position sensor is plotted in Figure 3-6.
It clearly shows the beginning of the movement at
t0 = 5.5s. The signal is lost between 6.2s and 8.7s since
the wheel is moving and the sensor does not detect any
magnetic field. The powering of the motor stops at
10.6s and the settling of the wheel begins indicated by
the oscillation of the signal. After 12.6s the oscillation
has dampened below the movement threshold.
The power consumption was determined in order to
estimate the amount of thermal energy induced by
moving the wheel. It was calculated by integrating the
momentary power over the period of driven movement
which itself results from the recorded current and
voltage of both coil sets. The power consumption was
measured between 1.3mW and 2.1mW which is well
within the aimed range. It can also be further decreased
in exchange for a longer settling time by reducing the
applied drive current or powered operation time.

This data shows, that this criterion is completely
fulfilled under ambient conditions where the wheel
practically settles within the movement time leaving a
settling time of almost 0s for all mechanisms. However
the decrease of friction under cryogenic conditions
increased the settling time. Here the average movement
time exceeded the aimed values. Attempts to further
shorten the movement time by improved profiles did not
succeed.

Figure 3-5:

GWA FS
current
220mA
180mA

drive profile of the GWA FS

Figure 3-6:
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position sensor response

3.5

Position sensors and tilt sensitivity

For closed loop operation both mechanisms need the
ability to feed back their current position. The sensor,
doing this consists in case of the FWA of a pair of
magneto resistive field plates, which are mounted on the
main structure (MS) of the mechanism. The resistance
of these field plates is greatly influenced by a magnet
mounted on the wheel body. Given that there is a
magnet for each position of the wheel, each positioned
ever so slightly different that the field plates change
resistance in accordance with the corresponding magnet,

Figure 3-7:

a look up table (LuT) for the sensor linking every wheel
position to a specific resistance can be established.
However the resistance is highly dependable on the
temperature of the mechanism too so a LuT needs to be
established for every intended temperature level.
Experience shows that a specific LuT works properly
for a temperature range of about 30K. The FWA is
equipped with a second pair of field plates for
redundancy which use the same magnets as the nominal
pair.

constructive principle of the GWA position sensor

Given that the magnets on the GWA can not be aligned,
detection of the GWA position is more complex. It uses
two pairs of field plates hence called sensors for the
nominal detection and another two sensors for
redundancy. These two sensors return two resistances
and a LuT is established for every sensor.
Figure 3-7 shows the constructive principle of the GWA
position sensor. The dark blue blocks represent the
magnets while the small red plates are the field plates on
the green sensor arm. The sensor arm holds both
nominal sensor, the upper one in the picture, and the
redundant sensor, the lower one.

an additional feature one nominal and one redundant
sensor have its pair of field plates aligned along the
movement plain of the wheel thus reacting extra
sensitive to slight rotations of the wheel. These sensors
are called nominal and redundant tilt sensor. A separate
LuT can be established lining the sensor resistance to
the tilt of the optics. This functionality works with an
accuracy of 0.3arcsec thereby improving the tilt
knowledge over the repeatability of 2.5arcsec. The other
two sensor have their pairs of field plates aligned along
the rotation axis of the wheel therefore detecting small
out-of-plain movements of the wheel. These sensors are
called position sensors since their extra functionality
was never used, given the high precision of the central
ball bearing making this feature obsolete.

The actual position of the wheel is then calculated as a
root mean square deviation of both nominal sensor
signals and both redundant sensor signals separately. As
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Table 3-8:

parameters of the FWA FM position sensors at 30K

FWA FM [mV]
Voltage range
Average noise
Min. delta betw. two
positions
Table 3-9:
GWA FM
[mV]
Voltage range
Average noise
Min. delta betw. two
positions

Redundant
-29 – +113
0.21
12.7

parameters of the GWA FM position sensors at 30K

Nominal sensor
Position
Tilt
141.8 – 180.1
19.3 – 100.2
0.40
0.01
1.71
0.48
Table 3-10:

GWA FS
[mV]
Voltage range
Average noise
Min. delta betw. two
positions

Nominal
-123 – +43
0.19
12.8

Redundant sensor
Position
Tilt
135.1 – 178.8
25.6 – 64.4
0.38
0.01
0.24
0.76

parameters of the GWA FS position sensors at 30K

Nominal sensor
Position
Tilt
63.7 – 91.9
-198.5 – -163.1
0.24
0.001
0.22
1.05

The data in
shows that the 8 positions of the FWA FM provide well
distributes signals for each position with a noise factor
100 below the minimum deviation of signal between
two arbitrary positions. The position can therefore be
detected reliably for nominal and redundant sensor each.

Redundant sensor
Position
Tilt
24.9 – 56.9
-130.8 – -102.5
0.21
0.01
0.28
0.52

the average noise is comparable. This is not a problem
though since the GWA position detection uses a root
mean square deviation of position- and tilt sensor.

In Table 3-9 and Table 3-10 the working parameters of
the GWA FM and FS are shown. Compared to the FWA
mechanism the voltage range and minimal deviation
between any two positions is smaller by factor 10 but

This process becomes clearer looking at Figure 3-8 and
Figure 3-9. They display the range of voltage in which a
certain position is detected. All voltages displayed in
this chapter relate to the operation temperature of 30K.
The working principle applies also for operation under
room temperature and the reliability of the detected
position is comparable.

Figure 3-8: LuT of the nominal GWA FS sensors

Figure 3-9: LuT of the redundant GWA FS sensors
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OUTLOOK

Both flight mechanisms are already delivered and
integrated into the NIRSpec instrument which is
currently undergoing cryogenic test. Their operation
within the instrument seems to be fully satisfying. The
GWA fight spare mechanism has successfully finished
its component qualification and is ready for delivery.
The FWA flight spare mechanism is currently under test
and performing considerably well. The NIRSpec team at
Zeiss Optronics is looking forward to a smooth launch
and a successful operation period afterwards.
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