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Abstract. We have published the optical design and early test results of the Roman Space
Telescope grism spectrometer in previous SPIE proceedings. We report the follow-on activity
of the spectral and radiometric calibrations, including the calibration methods, experiment
designs, and test equipment calibration, such as the light source and detectors used in the test.
The grism calibration includes the throughput versus wavelength, which is largely determined by
the diffraction efficiency of the two diffractive surfaces. It also includes spectral resolution, point
spread function, and relative radiometric measurements. The measured results are presented.
The comparisons between the test data and the theoretical simulations are also presented. The
tests and results presented are from the engineering test unit in ambient room temperature envi-
ronment. The thermal/vacuum tests are planned to verify the results when the flight unit is ready.
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1 Introduction

The Nancy Grace Roman Space Telescope (RST) is a NASA observatory designed to unravel the
secrets of dark energy and dark matter, search for and image exoplanets, and explore many topics
in infrared astrophysics. Roman has a 2.4-m telescope, the same size as the Hubble Space
Telescope (HST), but with a field of view (FOV) 100 times greater than HST.! The Roman
Space Telescope will serve as an important tool for the science community through its General
Observer programs. All Roman data will be publicly available immediately after processing and
delivery to the archive. By submitting proposals through the competitive program, scientists
around the world will also be able to use the observatory to study the cosmos in their own way,
from the nearest exoplanets out to clusters of distant galaxies.

Roman includes two main instruments: the Wide Field Instrument (WFI) and the
CoronaGraph Instrument (CGI). The WFI includes high-resolution and low-resolution slitless
spectrographs, and a number of carefully selected bandpass filters. The high-resolution spectro-
graph is a grism assembly.” It consists of two diffractive surfaces and two powered prisms. The
low-resolution spectrograph is a prism assembly, which consists of two powered prisms.’ The
emphasis of this paper is to discuss the spectral and radiometric calibration and characterization
of the grism spectrograph.

The paper is arranged as follows. Section 2 briefly describes the Engineering Test Unit (ETU)
grism design. It also describes the calibration and characterization set up, the equipment used in
the set up, and the radiometric and wavelength calibration accuracy. It also discusses the optical
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design of the testbed and the baseline wavefront quality of the testbed. Section 3 is dedicated to
grism diffraction efficiency and throughput measurements. Section 4 focuses on wavelength
dispersion scale measurements and provides the dispersion scale fit. Section 5 is dedicated
to spectral resolving power and encircled energy as a function of field position, wavelength,
and detector pixel size. Section 6 examines the relative radiometric measurements of the signal
from the wanted order of the grism diffractive surfaces and the background noise from the
unwanted orders of the diffracted surfaces. In Sec. 7, the test results are summarized and com-
pared to the Roman grism requirements.

2 Calibration and Characterization Setup

The ETU grism design used the same principle as the prototype described in Ref. 1. The
assembly is in noncollimated space. A second diffractive surface compensates the geometric
aberrations created by the first diffraction surface. The schematic of the ETU optics is shown
in Fig. 1. The detailed information on ETU alignment and test is described in Hagopian et al.*

Grism spectral calibration is very critical and challenging because a slitless spectrometer does
not have a slit as a wavelength reference. For the slitless spectrograph, the spectra can be every-
where in the entire FOV depending upon the object location. For some slitless spectrographs
with low spectral resolution, the grism only needs a small wedge angle to provide the required
spectral resolution. In that case, the zeroth order from the grating does not have obvious
dispersion introduced by the prism wedge. The zeroth-order image can then be used as a refer-
ence, as is done for the HST grism. However, the spectral resolution of the Roman grism is much
higher and the element is designed to be zero deviation for the central wavelength. The
dispersion from the two prisms broadens the point spread function (PSF) of the zeroth order
in the dispersion direction to ~38 pixels for the full wavelength range. Therefore, the only refer-
ences in the image are the edges of the wavelength band for the Roman grism. To measure an
object’s red shift, which is one of the science goals of Roman, the required total spectrum wave-
length accuracy is 1 nm; only 0.1 nm is allocated to grism calibration. Unlike some very high-
resolution spectrographs used for radial velocity (RV) measurements, where 0.1 nm corresponds
to a number of pixels on the detector array, the 0.1 nm for the Roman grism corresponds to only
1/10 of a pixel. Examples of RV spectrographs include the Echelle spectrograph NEID on the
WYIN telescope of Kitt Peak Observatory,” and the Echelle spectrograph on the Vainu Bappu
Telescope.’

Based on the requirement, we selected a super-continuum source (NKT’s SuperK) as the
light source for the entire calibration. The SuperK has a “monochrometer” called SELECT.’
The SELECT covers the wavelength range from 640 to >2000 nm, a great fit to the grism and

2 Diffractive surfaces
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Fig. 1 (a) Grism schematic. E1 and E4 are optical flats with a diffractive surface on each of their
back surfaces. E2 and E3 are powered prisms. (b) Assembled ETU grism.
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prism wavelength range. The grism ranges from 1000 to 1930 nm, and the prism ranges from 750
to 1800 nm. The SuperK SELECT can have up to eight output wavelength lines simultaneously
within the wavelength range. The line width is a weak function of the wavelength. On average,
the full-width at half-maximum (FWHM) is around 10 nm. The SuperK CONNECT couples the
SELECT output into an endlessly photonic crystal single-mode fiber that is used as a diffraction
limited point source for the testbed.

The SuperK and its SELECT component are used for diffraction efficiency, throughput, and
relative radiometric measurements because the 10-nm FWHM is acceptable. However, the 10-
nm FWHM is too wide for encircled energy and spectral resolving power measurements. The
dispersion of the grism spreads the 10-nm band to ~9 pixels, significantly affecting encircled
energy and spectral resolving power measurements. Fiber tunable narrowband filters and comb
filters with an FWHM <0.5 nm provide less dispersed PSFs.

An optical simulator mimics the beam of the Roman telescope that enters the grism. Our
simulator testbed is a single elliptical mirror. Its layout is shown in Fig. 2. The point source
is at one of the elliptical foci (the focus that is closer to the ellipse) and the detector is at the
other focus. The ellipse is designed in such a way that the f/# of the ellipse output beam is at
f/7.2, which provides a larger cone angle than the Roman telescope’s f/7.8 beam. Therefore,
the pupil mask inside the grism assembly is fully illuminated. The projection of the Roman
central obscuration and struts are also built into the pupil mask.

The f/# of the ellipse is smaller than that of the telescope, a fundamental requirement that
guarantees that the ellipse simulator will satisfy the Roman telescope/grism interface. The sim-
ulator is fixed to the optical table for alignment stability, limiting the test configuration to a
single-field angle. Therefore, the grism must be positioned correctly relative to the ellipse to
simulate different field angles. This is achieved by positioning the grism relative to the ellipse
such that the chief ray from the ellipse intersects the first surface of El at the same angle and
relative position as the chief ray from the telescope for each selected field. The advantage of this
approach is that the distortion introduced by the Roman telescope is simulated by the chief ray
angle and position.

WaveFront Error (WFE) is another factor used to qualify the ellipse as a valid telescope
simulator. The as-designed off-axis ellipse is aberration free. Due to mirror fabrication and align-
ment error, the measured WFE is 41 nm rms on average, which is a little below the residual WFE
of Roman telescope over the field average. (The RST telescope residual has an obvious field
dependence due to its large FOV. Since the magnitude of the WFE is well below the diffraction
limited WFE for the entire FOV and in full wavelength range, the simulator for the spectral and
radiometric calibration does not simulate the telescope residual wavelength.) The emphasis of
this paper is to concentrate on the grism calibration and characterization. The testbed design,
metrology, and verification will be detailed in another paper.

The elliptical mirror and the point source (the tip of the fiber) are carefully aligned to opti-
mize the wavefront. The low-loss, single-mode fibers large mode area (LMA)-5 and LMA-8
from NKT are selected to deliver the light from SELECT to the shorter focus of the ellipse.
LMA fibers are photonic crystal fiber and are endlessly single-mode fiber. The LMA-5 fiber has
a large NA = 0.2 at A = 1064 nm. The f/# of the fiber is a function of wavelength. The NA
equals 0.36 at the longest wavelength 1930 nm, which still overfills the ellipse. Nyquist sampling
of the PSF is important. The LMA-8 fiber with a smaller NA = 0.14 was also used to make the

Point source Detector

Fig. 2 The elliptical mirror test bed. It provides a ~f/7.2 beam, which fully covers the grism aper-
ture (f/7.8).
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Fig. 3 PSF at 1543 nm. The Airy disk diameter for this f/7.2 system should be ~27 ym. The
detector pixel is 12.5 um. This shows diffraction limited performance.

beam more Gaussian apodized. This helps to increase the PSF for a better Nyquist fit at the
shorter wavelength range. Figure 3 shows the measured PSF from the testbed itself. The dif-
fraction limited performance of the testbed has been demonstrated. During testing, the ellipse is
fixed. The grism is tilted to simulate the angle of the focal plane relative to grism in Roman
telescope/grism design.

The set up in Fig. 2 is the baseline configuration for the grism and prism calibration and
characterization. The only differences for each test are the source spectral profiles, the detectors,
the detector position, and the grism position and orientation.

Due to the spectral response of our IR detector array, a Sensors Unlimited InGaAs detector
array with 12.5-um pixel pitch, the tests currently only cover from 1000 to 1650 nm. A detector
array that covers the full wavelength range from 1000 to 2600 nm has been ordered.

3 Diffraction Efficiency and Throughput Measurement

The requirement for the throughput efficiency is the following.

The grism assembly mean throughput efficiency shall be greater than or equal to 0.55 over
the operational angle of incidence range, within the FWHM passband when in the optical path
with mean efficiency (0.55) over wide bandpass (98% of passband) and minimum efficiency
(0.35) over the bandpass.

For the grism, the throughput efficiency is dominated by the diffraction efficiency. As men-
tioned in Gong et al.,” two diffractive surfaces are used to compensate the grating introduced
wavelength-scaled aberration. The grism diffraction efficiency is the multiplication of the two
diffraction grating efficiencies. Figure 4 shows a theoretical diffraction efficiency curve as a
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Fig. 4 The first-order diffraction efficiency of a phase grating as a function of wavelength and for
varying phase levels.2 The numbers 2, 4, and 8 are N=2, N =4, and N = 8.
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function of wavelength for a single multilevel diffractive surface.® It is seen that N = 16 provides
the highest diffraction efficiency. Conveniently, N = 16 is commonly used in the dry etch fab-
rication processes on fused silica substrates and was used in this grism. Considering the full
grism wavelength range (1000 to 1930 nm), the peak efficiency wavelength was designed to
be at 1330 nm. The diffraction efficiencies at 4,,;, = 1000 nm and 4,,,,, = 1930 nm are the same
at 70%. After including the two diffractive surfaces, the theoretical maximum at A,;, and A, is
49%, not including the material absorption loss, antireflection (AR) coating loss, or bandpass
filter loss.

The grism diffraction efficiency measurement set up is shown in Fig. 5. Note: it is called
diffraction efficiency measurement for Engineering Development Unit (EDU) and throughput
for Environmental Test Unit (ETU). The difference between the EDU and ETU assemblies is
only that the ETU assembly has a bandpass coating on the second grism element (E2). The
source for this measurement is the SuperK plus the SELECT. The narrowband tunable filter
was not used for this test, because the diffraction efficiency of the grism is a slowly varying
function of wavelength. The wavelength range for this test was 1000 to 1900 nm. The mono-
chromatic light out of the SELECT was coupled into a single-mode fiber with the fiber tip
carefully positioned at the near focus of elliptical mirror. The diffraction efficiency of the EDU
includes the material absorption and AR coatings on all surfaces. After the EDU test, the second
element in the EDU was replaced by an identical one but with a bandpass coating on one surface
and an out-of-band blocking coating on the other side. Because the EDU and ETU are the same
except for the bandpass filter, the set up is the same for both. The output power for the source
fluctuates, especially when the wavelength is changed. A reference detector is used to normalize
the signal in a method similar to what is done in commercial spectrometers. In this set up, two
identical photodiodes, which cover the wavelength range of 900 to 2600 nm, are used.

The diffraction efficiencies for both ETU and EDU were measured at three selected field
positions: central field, X field = —10 deg, and Y field = —3 deg. Note that the field listed here
is the chief ray angle that enters the grism not the field from the sky. The spectral dispersion is
in the y-direction (vertical direction). The test results for the three selected fields are plotted in
Figs. 6(a), 6(b), and 6(c).

Signal
electrometer

Reference

electrometer Integrating sphe
& detector

1 \
e

Electrometers

Fig. 5 (a) Grism diffraction and throughput measurement set up and (b) a picture of the set up.
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Fig. 6 (a) The throughput efficiency at the central field. The green line on the plot is the simulated
curve that only includes the diffraction efficiency of the two diffractive surfaces using the as-
designed model. (b) The throughput efficiency at 3 deg in the —Y direction (dispersion direction).
(c) The throughput efficiency at 10 deg in the —x direction (nondispersion direction).

The blue dots are the measured efficiency of the EDU that includes the diffraction efficiency,
material absorption, and AR coating loss. The red dots are the measured efficiency of the ETU. As
mentioned above, the difference between ETU and EDU is just a bandpass coating on the second
element of the ETU. The yellow dots are the same measurement as the red dots, but using two
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Fig. 7 Measured ETU bandpass coating sample: transmittance versus wavelength.

different InGaAs photodiodes optimized over the 800 to 1700 nm range to improve the signal-to-
noise ratio. The step size is smaller to show the blue edge effect of the bandpass coating.

Also of note is the efficiency at the blue edge of the bandpass. The yellow dots with the finer
step size show that the filter blue edge is a function of incident angle. The efficiency increase
from 1000 to 1010 nm is the largest for the central field and the smallest for the —10 deg in Y
field. The bandpass edge shifts to a shorter wavelength when the incident angle increases, as
expected from thin film coating theory.

3.1 Comparison to Requirements

The measured result shows that the required mean efficiency of 0.55 over wide bandpass is met
and exceeded. The minimum efficiency of 0.35 for EDU is a little short for the blue end of ETU.
This is not due to diffraction efficiency drops, but because the transmittance of the filter edge is at
A = 1000 nm (see Fig. 7). If we use the theoretical diffraction efficiency value 0.47 at 1000 nm,
then multiply 40% transmission at 1000 nm, the measured throughput ~0.2 is very reasonable.
The revised requirement has shifted the starting wavelength to 1010 nm.

4 Dispersion Magnitude (Scale)

Dispersion scale is critical to the grism calibration. Because of the nature of the slitless spec-
trometer, on-orbit calibration is only able to determine the blue and red edges of the spectrum.
The rest of the wavelength range relies on the interpolation from the ground calibrated dispersion
scale. The dispersion scale is a function of wavelength and field position. The geometric dis-
tortion and dispersion nonlinearity are combined. Spectral traces have different dispersion
lengths and tilt orientations as a function of field. In some field positions, the spectral traces
are slightly curved. Figure 8 shows the simulated spectral dispersion from 1000 to 1930 nm
for different field positions.

Spots are shown at 1, 1.25, 1.55, 1.75, and 1.93 um. It is noted that the maximum and mini-
mum dispersion lengths at different field positions differ by ~10%. The orientation differences
and “smile” shape can also be seen.

To measure the dispersion scale, an IR detector array is needed to image the PSF at sample
wavelengths. This measurement was limited by our current detector array, which has good spec-
tral response only from 1000 to 1600 nm.

The three spectral traces highlighted in green frames in Fig. 8 are the three selected fields.
These three fields were selected because the wavefront had previously been measured at these
same fields. They are not really the most interesting because the dispersion in the three fields
does not change much in magnitude. A similar method will be used to map the dispersion for
additional field angles at a later date.

The measurement set up is similar for the throughput efficiency measurement. No reference
detector is needed and the photodiode at the focal plane is replaced by a Sensors Unlimited IR
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Fig. 9 (a) The dispersion scale measurement set up and (b) the photo of the set up. The grism tips
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and tilts to simulate the desired field position.

detector array (Fig. 9). The IR detector has a pixel size of 12.5 um, a little larger than the 10-ym

Roman pixels.

Since the SELECT uses two fiber connectors to deliver the full wavelength range, the images
were taken in two wavelength ranges (1000 to 1100 nm and 1200 to 1600 nm). The images are

shown in Fig. 10.
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1000 nm — 1100 nm

Fig. 10 (a), (b) Spectral dispersed point source on an IR detector array. It is noted that the spot
size is elongated in the horizontal direction. This is caused by the FWHM of each spectral line from
the SELECT. Note that the bandwidth of each line from the SELECT varies and becomes wider
for longer wavelengths.
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Fig. 11 Modeled and measured dispersion scale. The modeled curve is for the central field at
0-deg, 0-deg, and 3-deg lines are overlapped with the simulated line.

During data analysis, the two images were stitched together based on metrology data to
provide the full dispersion scale measurement. The dispersed PSF centroid position versus
wavelength, the dispersion scale, is plotted in Fig. 11. The equations of the linear fit of Fig. 11
are listed in Table 1.

The requirement of the grism spectral dispersion scale is shown below.

The grism spectral dispersion shall be between 1.0 and 1.2 nm/pix over all wavelengths and
the FOV.

Table 1 Dispersion scale at different field positions.

Dispersion scale (nm/10-um pix) Dispersion equation (mm/nm)
FOV: (0 deg, 0 deg) model 1.081 9.250 x 10-3x — 1.636 x 10!
FOV: (0 deg, 0 deg) measured 1.105 9.047 x 10°x — 1.603 x 10!
FOV: (-10 deg, 0 deg) measured 1.103 9.068 x 10-3x — 1.606 x 10"
FOV: (0 deg, —3 deg) measured 1.092 9.157 x 103x — 1.621 x 10’
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The dispersion scale in Table 1 shows that the spectral dispersion requirement is met for all
measured fields. However, the current accuracy does not meet the science goal for analyzing
spectral lines from the grism at 0.1 nm accuracy in the newly added requirement. To achieve
the 0.1-nm spectral accuracy from the slitless spectrometer (grism), the following tests are
planned: (1) accurate bandpass filter transmission measurements will be made at a number
of selected field positions. (2) Accurate dispersion scale versus wavelength measurements will
be made at the same selected fields. A polynomial fit from these two measurements will provide
the blue and red edges, as well as the dispersion scale to cover the full FOV. Given the field angle
of the object, the wavelength of all lines can be obtained from the polynomial.

5 Spectral Resolving Power and Encircled Energy

Note: The test and results presented in this section are to provide scientists a proof-of-concept
verification with the available hardware in hand. Further tests are planned with new hardware
aimed to achieve confirmation of the newly added requirement.

The spectral resolution measurement set up is shown in Fig. 12. It is nearly identical to the set
up for dispersion scale measurements except a narrow band fiber tunable filter is inserted
between the SELECT and the fiber. The narrow band tunable filter is crucial for measuring the
spectral resolution and the encircled energy. The grism has the dispersion scale of ~1 nm/pix.
The spectral line from SELECT has the FWHM ~6 to 10 nm depending upon the wavelength.
This means that the PSF will be 6 to 10 pixels long in the dispersion direction. Such an elongated
PSF in the dispersion direction makes a Nyquist resolving power measurement impossible. A
narrow band tunable filter cuts the 10-nm FWHM spectral lines to ~1 nm FWHM, enabling the
resolving power and encircled energy measurement.

The interval between two adjacent lines is designed as 3 nm, which includes two pixels for
Nyquist plus one pixel for the line width from the source. This is due to the source having a 1-nm
FWHM and the larger pixel size of the detector (12.5 ym compared with the flight detector pixel
size of 10 ym). Three tunable fiber narrowband filters are currently available with the central
wavelengths at 1040, 1310, and 1550 nm. Each covers an ~80 nm bandwidth. The spectral
resolving power is measured in each band. Figure 13 shows the spectrum taken using the

Elliptical mirror

Grism EDU

Det. array

Fig. 12 Spectral resolving power and encircled energy measurement setup.

—1020 nm
1023 nm
1026 nm
1029 nm

Fig. 13 The spectrum of EDU grism at A= 1025 nm.
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IR camera for wavelength lines 1020, 1023, 1026, and 1029 nm. Each wavelength was carefully
adjusted using a ThorLabs optical spectrum analyzer. The spectrum indicates that the Nyquist
condition is met even with 12.5-uym pixels.

The data around 1310 and 1550 nm were also taken, but the spectrum was not resolved. This
is not caused by the grism, but due to the following reasons: (1) The main error is the tilt angle of
the image plane relative to grism axis. Even though the source is a point source, the full spectrum
is ~8 mm long, so the tilt angle must be considered. (2) The detector pixel size of 12.5 ym is
larger than the flight detector size of 10 um. (3) The Airy disk size is proportional to the wave-
length. Based on the first-order principles, the PSF size is larger than Nyquist sampled PSF size
at the longer wavelengths.

Once we test the grism again, we plan the following changes. For item 1, a tilt bracket will be
used to ensure the spot is always in focus no matter which wavelength or field position is mea-
sured. For item 2, we plan to use an IR microscope objective to magnify the PSF to reduce the
pixelation effect. For item 3, we are going to perform analysis and create a lookup table of
minimum resolved AA versus wavelength and verify it in the lab.

The encircled energy has not been tested yet. This measurement will also require a micro-
scope objective to magnify the image on the IR camera. We are looking forward to completing
these tests after the ETU completes its cryowavefront test.

6 Relative Radiometric Calibration

This section describes the relative radiometric calibration of the grism. As mentioned previously,
the grism assembly has two diffractive elements. Therefore, it has many more orders than the
grism on HST. It has the wanted order (1, 1), and unwanted orders (0, 0), (1, 0), (—1,0), (1, 2),
(—1,2) ...; the square of what the HST has. The main purpose of this section is to assess the
background for all unwanted orders. Fortunately, our grating efficiency is very high and the PSF
size of most unwanted orders is more than a few orders of magnitude larger than the PSF of the
wanted order. The unwanted orders can be divided into two categories: (1) the same diffraction
orders from both diffractive surfaces: (0, 0), (-1, —1), (2, 2), (=2, =2), etc. and (2) cross orders,
meaning that the PSF is generated from different orders of the two diffractive surfaces: (1, —1),
(1, 0), (1, 2), (0, 1), (2, 1), etc.

For category #1, the PSF of these orders are relatively small compared to the cross orders for
category #2, but are still much larger than that of the wanted order. Since they are from unwanted
orders from both diffractive surfaces, the diffraction efficiency is much lower, making them less
of a concern. The dispersion due to the prisms in the grism assembly disperse the (0, 0) order PSF
to a 38-pixel-long image for the full wavelength range, reducing the impact from the standpoint
of ghost analysis. The downside, however, is that this zero order cannot be used for guiding.

For category #2, only the order combinations with a wanted order (41 order) from one of the
two diffractive surfaces are considered. The other combinations can be ignored because they
carry little power and are under the detector noise level. These cross-order PSFs are much larger
than the diffraction orders discussed above.

6.1 Category #1 PSF from Unwanted Diffraction Orders

The purpose of this test is to determine the relative intensities of a wanted PSF and category #1
PSF. The lab set up schematic is shown in Fig. 12 and is the same as the set up for the resolving
power measurement except the source is monochromatic.

The designed wavelength range for the grism is from 1000 to 1930 nm. However, the avail-
able IR camera used during the measurement has good sensitivity only from 900 to 1600 nm.
Therefore, the wavelengths selected for this test are: 1010, 1340, and 1580 nm. Further testing
will include the full wavelength range. Among all orders in category #1, the order (0, 0) has the
highest peak intensity and smallest PSF size, because all other orders have grating-introduced
dispersion. In other words, it is the worst case for ghosting, and the best potential for telescope
guiding. We also had limited time to perform this test, therefore, it is the only category #1 order
we compared to the wanted order.
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Due to the limited detector dynamic range and the significant intensity difference between
wanted and unwanted orders, also because our detector chip is not big enough to capture both
(0, 0) and (1, 1) orders, the images are stitched together from two frames. First, a PSF image of
the (0, 0) order is taken with the peak pixel intensity at or over 2/3 full well. The peak intensity is
then recorded for the ratio calculation, Finally, the detector is moved such that the (1,1) order
PSF is on the same detector position and another image is taken using the same source intensity
and same exposure time. The detector nonuniformity error is minimized by having both PSFs
at the same position of the detector. The second image is enormously saturated at the peak. The
detector position is then kept fixed and the exposure time is gradually reduced while taking a
series of images until the peak of the (0, 0) order PSF is no longer saturated. The saved images of
(1, 1) order PSF is analyzed by comparing the counts of the same pixel from two consecutive
images. The pixel selection is arbitrary as long as the counts are from two consecutive frames in
the linear range of the detector. The ratio of the two counts indicates the intensity reduction
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Fig. 14 Ratio of intensities between wanted (1, 1) order and unwanted (0, 0) order. All plots in this
figure are in linear scale. a-1 is the PSF of the (0, 0) order. a-2 is its cross-section profile. b-1 is the
PSF of (1, 1) order taken in the same situation as a-1, meaning the same source intensity, and
same exposure time. It is noted that the center is saturated. From b-1 to b5, the source power and
exposure time were gradually reduced (128x) until the peak was no longer saturated. b-6 is the
cross section of b-1 to b5. P4 to Pg are the points used to calculate the intensity ratio of the (0, 0)
order and the (1, 1) order.
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between the two frames. Finally, the peak intensity of the last frame is multiplied by all the ratios
from two consecutive frames, which is the equivalent peak intensity of (1, 1) order relative to the
peak intensity of the (0, 0) order. The final ratio is the peak of the (0, 0) order/the equivalent peak
of the (1, 1) order. Three selected wavelengths have been tested. The results are shown in the
following paragraphs.

6.1.1 2=1010 nm

The diffraction efficiency at A = 1010 nm is one of the lowest in the entire wavelength range.
Therefore, the intensity ratio of the wanted (1, 1) order to the unwanted (0, 0) order is also the
lowest. The ratio for this wavelength is important because we want to determine if its intensity is
high enough to be used as a guide target. From the standpoint of ghost analysis, it is also the
worst offender. Figure 14 shows how the intensity ratio is evaluated.

The data used to evaluate the (0, 0) order and (1, 1) order intensity ratio are in Table 2.

The equivalent peak intensity of the (1, 1) order is /(; ;) = Py 1) - [ [ %’i', where n = 4.
The peak intensity of the (0, 0) order is /(g g) = Po,0)- The PSF peak intensity ratio of the wanted

(1, 1) order to the unwanted (0, 0) order is % = 267.08. The peak count of the (0, 0) order is
0.37% of the peak count of the (1, 1) order. The intensity of the (0, 0) order is not high enough to
be feasible as a guiding target. On the positive side, the low intensity has less impact as a ghost to

the wanted spectrum.

Table 2 Data points used for evaluating the intensity ratio.

P(1,1) 3746
Peak P(0,0) 1673
Pix 17 (1, 1) order P1 940
P2 273
Pix 18 (1, 1) order P3 935
P4 193
Pix 19 (1, 1) order P5 1273
P6 480
Pix 20 (1, 1) order P7 2378
P8 882
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Fig. 15 The PSF of the (1, 1) order and its cross-section profile at 1340 nm. ltis clear from the PSF
that the performance is diffraction limited.
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6.1.2 1 =1340 nm

The diffraction efficiency at A = 1340 nm from both diffractive surfaces is >95%. The unwanted
order (0, 0) carries almost 0 power. Even though the exposure time was increased to maximum,
the (0, 0) order PSF at 1340 nm was not detected (Fig. 15).

6.1.3 1 = 1580 nm

The method used for 4 = 1580 nm is the same as that used for 1010 nm. Figure 16 shows the
images of the wanted (1, 1) order and the unwanted (0, 0) order.
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Fig. 16 Ratio of intensities between wanted (1, 1) order and unwanted (0, 0) order. All plots in this
figure are in linear scale. a-1 is the PSF of the (0, 0) order. a-2 is its cross-section profile. b-1 is the
PSF of (1, 1) order taken in the same situation as a-1, meaning the same source intensity, and
same exposure time. It is noted that the center is saturated. From b-1 to b7, the source power and
exposure time were gradually reduced until the peak is not saturated. b-8 is the cross section of b-1
tob7. The P4 to P4, are the points used to calculate the intensity ratio of (0, 0) order and (1, 1) order.
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Table 3 Data points used for evaluating the intensity ratio.

P(1,1) 4095 (slightly saturated)
Peak P(0,0) 3761
Pix 17 (1, 1) order P1 2761
P2 402
Pix 18 (1, 1) order P3 964
P4 627
Pix 19 (1, 1) order P5 1677
P6 247
Pix 20 (1, 1) order P7 3665
P8 767
Pix 23 (1, 1) order P9 2905
P10 1346
Pix 26 (1, 1) order P11 2569
P12 1177

The data used to evaluate the (0, 0) order and (1, 1) order intensity ratio are in Table 3.
i=1 2= where n = 6. The
PSF peak intensity ratio of the wanted (1, 1) order to the unwanted (0, 0) order is % = 1594.
That is, the peak counts of the (0, 0) order is 0.063% of the peak counts of the (1, 1) order, about
1/6 of ratio found for 1010 nm.
Due to the spectral range of the detector array available at the time of the test, the full spectral

range was not able to be tested. The ratio over the entire wavelength range will be measured once
we have a detector sensitive over the entire range.

The same equation is used to calculate the ratio I(; ;) = Py ) - 11

6.2 Category #2 PSF from Unwanted Diffraction Orders

Note: The test in this section is a provisional measurement meant to provide an order of magni-
tude result for scientists to have a rough estimate on background noise. The next step will be to
use the newly delivered, larger IR detector to make a more quantitative measurement, and to use a
broadband source to see the effect of the overlapped unwanted orders from different wavelengths.

Category #2 PSFs are different from category #1 PSFs in the two aspects: (1) they are created
from cross orders. (2) Their spot sizes are much larger than category #1 PSF’s. Usually, the size
is a few millimeters even for the shortest wavelength and lowest order combinations. Figure 17
below is a simulated spot diagram with six order combinations using an optical design software
Zemax: the wanted (1, 1) order and unwanted (0,0), (1,2), (2,1), (1,0), and (0,1) orders for the
shortest wavelength at 1010 nm. The (1, 1) and (2, 2) orders are very small compared to other
orders, making them hard to see. The four strongest cross orders, (1, 2), (2, 1), (1, 0), and (0, 1)
are also shown.

The measured image of the same orders from the EDU is shown in Fig. 18.

Due to project schedule, the EDU grism was not available for detailed testing to quan-
titatively determine the level of the unwanted orders. Only a qualitative measurement was
performed to demonstrate the impact of the unwanted orders. Note: the power carried from
(1, 1) is more than that from (0, 0). This can be seen from Fig. 18 where (1, 0) and (0, 1) orders
have similar intensity as (1, 2) and (2, 1). However, the desired (1, 1) order is much stronger than
the (0, 0) order.
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Fig. 17 Spot diagram of the multiple diffraction orders. It is noted that the cross orders (1, 0) and
(0, 1) have the same pattern, but are flipped upside down. The (1, 2) and (2, 1) orders are similarly
flipped. The scale bar on the left is 20-mm long.
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Fig. 18 The real image from the EDU grism. It includes the same number of orders as the simu-
lated spot diagram. The modeled and measured cases are an excellent match.

During the test, the source intensity was first adjusted so that the peak counts of the wanted
(1, 1) order was ~80% of detector quantum well. Then the exposure time was increased until the
ghost could be seen in a log scale. The test results are shown in Fig. 19.

The background impact of unwanted orders is limited. Based on these measurements, the
intensity of the ghost is ~3 orders of magnitude lower than the desired (1, 1) image. This is the
wavelength where the unwanted orders carry the most power.

7 Summary

The EDU grism has been tested in ambient conditions with a limited wavelength range of 1000
to 1600 nm (due to the detector array’s spectral response) and at a limited number of field posi-
tions (center, —3 deg in Y, and —10 deg in X). Performance tests have included diffraction
efficiency, dispersion scale, spectral resolving power, and radiometric calibration between the
wanted signal and the unwanted ghost orders. All test results suggest that the designed grism
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(a) (c)
Log scale Log scale
*
(b) (d)

Fig. 19 (a) and (b) are the unsaturated (1, 1) order PSF (80% quantum well) at 2 = 1024 nm in
linear and log scales. It is noted that the unwanted (1, 2) and (2, 1) orders were not detected.
(c) and (d) are the same PSF, but the exposure time was increased 16 times. In this situation,
the unwanted order was still not visible in the linear scale, but they appear in the log scale display.

specifications have been met for the selected fields and wavelengths in ambient conditions. Even
though the encircled energy has not been completed, the small size of the PSF has shown that the
diffraction limited performance is achieved.

In the future, additional fields will be measure to cover the entire FOV and the wavelength
range will be extended to cover from 1000 to 1930 nm. The goal is to obtain as much information
as possible on the ground to make the on-orbit performance well understood. The blue and red
edge detection measurement will be added with a precise dispersion scale versus wavelength to
achieve the 0.1-nm wavelength accuracy on orbit.
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