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1 Scope of the TESS Instrument Handbook

This Handbook serves as a detailed description of the TESS instrumentation, both as-
designed and as- own. The Handbook includes discussions of the design and predicted
performance of the instrument, including pre-launch calibration. The Handbook also covers
on-orbit performance, including e ects that could not be measured on the ground.

1.1 Intended Audience

The TESS Instrument Handbook (TIH) was written as a guide to observers working with
TESS data. It was written to include general and more detailed descriptions of the
instrumentation to allow analyses of both the processed and raw instrument data. A
companion document, the TESS Data Analysis Handbook (TDAH), will provide insight into
the details of the data processing pipeline. describing how raw pixel data are transformed
into photometric time series, the theoretical basis of the algorithms used to reduce data,
and a description of residual instrument artifacts after Pipeline processing.

1.2 Document Organization

The Handbook begins with an overview of the TESS mission, instrument, spacecraft, and
orbit. The optical and detector assemblies are described in detail ix3 and x4, and the
Data Handling Unit (DHU) is covered in x5. The ground and on-orbit performance of the
detector assemblies are covered in6. The on-orbit camera performance is described ix7.
The quality of TESS observations is discussed ix8. TESS on-orbit operations are discussed
in x9.

1.3 Document Update Plans

Version 0.1 of the TIH is a draft version that will have been distributed with the rst
release of data from Sectors 1 and 2. While the document is relatively complete, there are
sections that will be expanded, and there are analyses in progress that will contribute to the
details of the document. In addition, the Instrument Handbook will be regularly updated
to incorporate results of analyses of on-orbit data. Revisions to the TIH may be made on
a monthly basis during the rst year of the mission: the revised versions will be marked
with their version number and posted at MAST. Any sector-speci ¢ information will be
carried in the Release Notes for that sector.

Comments or questions regarding the contents of this handbook can be sent to the TESS
Help Desk (tesshelp@gsfc.nasa.gov) and/or Roland Vanderspek (roland@space.mit.edu).

1.4 Reference Documents

The following documents will provide further detail into various aspects of TESS operations
and data:

Science Data Product Description Document:
https://archive.stsci.edu/missions/tess/doc/EXP-TESS-ARC-ICD-TM-0014.pdf
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Archive Manual: https://outerspace.stsci.edu/display/TESS/TESS+Archive+Manual
(currently user-restricted)

Data Release Notes:https://archive.stsci.edu/missions/tess/doc/

2 Introduction to TESS

2.1 Mission Overview

The TESS mission (Ricker et al., 2015) is designed to detect transiting planets around the
nearest, brightest stars. The TESS instrument consists of four wide- eld CCD cameras that
can image a region of the sky measuring 24 96 . The cameras are used to measure the
brightness of 15,000-20,000 stars every two minutes for periods of at least 27 and up to
356 days. Simultaneously, 30-minute summed images of the full FOVs of all cameras are
collected continuously.

TESS is deployed in an elliptical, 2:1 lunar synchronous orbit with a period of 13.7 days.
This orbit provides a steady thermal environment for the cameras, allowing for high-
precision measurements of stellar brightnesses.

2.2 Spacecraft

The TESS mission utilizes the Northrop Grumman LEOStar-2/750 Spacecraft. The
Spacecraft is equipped with a three-axis controlled, zero-momentum attitude control system,
consisting of four reaction wheels, two camera head star trackers, an inertial reference unit,
and ten coarse sun sensors. An S-Band transponder with two S-Band omni-directional
antennas is used for Observatory commanding, housekeeping, and ranging activities. A 96
A-hr battery along with a two-wing, 4 panel solar array provides the power needed for the
Observatory during science and housekeeping operations and through long-duration eclipses
(up to 4 hours). A monopropellant (hydrazine) propulsion system, coupled with four 5
Newton and one 22 Newton thruster provides Delta-V capability and attitude maintenance.

Figure 2.1: The TESS Observatory
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Science Operations are performed in while in Fine Pointing, a highly stable ACS mode, in
which the Spacecraft uses high precision quaternions produced by the Instrument cameras.

The Spacecraft Ka-Band system, consisting of a Ka-band transmitter, traveling tube wave
amplier, and 0.7m body- xed High-Gain Antenna downlinks science data with 2W RF
output power at 250 Msps (109 Mbps data rate) from the Instrument data handling unit to
DSN ground stations during Low Altitude Housekeeping Operations, occurring near perigee.
Approximately 4 hours are available for Ka-Band downlinks during these ground contacts,
which are nominally 5 total hours in duration.

The Instrument cameras are mounted to the top deck via the Spacecraft Camera Accommo-
dation Structure and thermally isolated. To help the Instrument cameras maintain desired
operating temperatures, the Spacecraft Sunshade provides additional isolation from direct
solar radiation.

2.3 Instrument

The TESS instrument consists of four wide- eld CCD cameras and a data handling unit
(DHU). General instrument characteristics are given in Table 2.1.

Table 2.1: Instrument Characteristics

Characteristic Value

Number of cameras | 4

Camera FOV 24 24

CCDs MIT/LL CCID-80

CCDs per Camera 4

CCD Dimensions

2048 2048 pixels in imaging array

Pixel Size 15 m square

Pixel Depth 100 m

Lens Custom 146 mm, f/1.4 lens (MIT/LL Design)
Bandpass 600-1040 nm

Camera Temperature| 85 C (lens), 80 C (CCDs)

2.3.1 TESS Cameras

The TESS camera consists of a detector assembly, a lens assembly, and a lens hood (Figure
2.2). The detector assembly houses the focal plane electronics and the focal plane array.
The focal plane array consist of four large-format backside-illuminated CCDs abutted to
create a 63 63 mm detector.

Each camera has a eld-of-view of 24 square. Figure 2.3 is a cross-section of the camera
without the lens hood, showing the focal plane electronics, focal plane array, and lens
assembly. The cameras are bolted onto a common plate that is attached to the spacecratft,
such that their elds of view are lined up to form a rectangle measuring 24 96 . Four
elliptical holes in the plate allow shimless alignment of the four cameras at the desired
angles.
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Figure 2.2: Schematic layout of a TESS camera. The camera consists of a) a detector assembly,
which houses the focal plane electronics and the focal plane array, b) a lens assembly, and c) a lens
hood.

Figure 2.3: Cross-section of TESS camera without lens hood. The focal plane electronics are housed
just below the focal plane array and are thermally-isolated from the focal plane array to allow the
CCDs to achieve low (-80 C) temperatures on orbhit.

2.3.2 Data Handling Unit

The Data Handling Unit (DHU) serves as the instrument ight computer. It is responsible
the con guration and operational control of the ight cameras. The FPGAs in the DHU
perform real-time image stacking, cosmic-ray mitigation, and subarray extraction. Data
compression and storage for downlink occurs in the DHU.

2.4 TESS Orbit
TESS is in an elliptical, 2:1 lunar-synchronous orbit with a period of 13.7 days. The perigee

and apogee of the orbit at the start of science operations were 1Rz and 59Rg. The TESS
orbit is inclined from the ecliptic plane, thereby eliminating lengthy eclipses by the Earth
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and Moon. The spacecraft orbit is operationally stable as a result of the Moon leading or
lagging the spacecraft apogee by 90 , averaging out the lunar perturbations.

The orbit remains above the Earths radiation belts, leading to a relatively low-radiation
environment with a mission total ionizing dose of< 1 krad. The nearly constant thermal
environment ensures that the CCDs will operate near 80 C, with temperature variations
<< 0:01 C/hr for 90% of the orbit.

The orbital period and semimajor axis are relatively constant, with long-term exchanges
of eccentricity and inclination over a period of order 8-12 years (driven by a Kozai-like
mechanism). There are also short-term oscillations with a period of six months caused by
solar perturbations (see Fig. 2.4). The orbit is stable on the time scale of decades or more,
and requires no propulsion for station-keeping.

Figure 2.4: TESS is in a 2:1 lunar resonance orbit around the Earth. The orbit perigee, inclination,
and period will vary on the timescale of years, but the overall orbit is very stable.

2.5 Observations

TESS observations are broken up into sectors, each lasting two orbits, or about 27 days.
The 24 96 instrument FOV is oriented along a line of ecliptic longitude, with camera

4 centered on an ecliptic pole (Figure 2.5, at left). During observations, the cameras
are oriented such that the line of ecliptic longitude is antisolar at the centerpoint of the
sector. When one sector's observations have been completed, the instrument FOV is shifted
eastward by 27, naturally \pivoting" around the ecliptic pole, and the next sector's
observations can begin. As a result, the regions near the ecliptic poles are observed during
every sector. The resulting sky coverage is shown in (Figure 2.5, right). The transition
from one observation sector to the next always occurs at orbit perigee.

Because the spacecraft is in a lunar-synchronous orbit, there are 13 sectors per year. During
Year 1 of the mission, the southern ecliptic hemisphere will be observed; in Year 2, the
northern ecliptic hemisphere will be observed.

There is signi cant overlap between adjacent sectors, as is apparent in Figure 2.5. In
particular, because camera 4 is centered on an ecliptic pole, most of the region within 12
of the ecliptic pole will be observed for an entire year.

Figure 2.6 shows the relative orientation of the CCDs and cameras with respect to the
ecliptic for southern pointings (Year 1) and northern pointings (Year 2).
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Figure 2.5: Left: The cameras are aligned along a line of ecliptic longitude, with camera 4 centered
on the ecliptic pole. The bottom of camera 1 is 6 from the ecliptic. Center: Depiction of the

orientation camera FOVs on the sky during the nominal mission, showing the overlap of FOVs near
the ecliptic pole. Right: The overlap of FOVs leads to longer observation times near the ecliptic

pole.

Figure 2.6: The orientation of the cameras and CCDs in equatorial coordinates for southern pointings
(left) and northern pointing (right). The arrows in each CCD indicate the location of the readout of
slice A. The circles in Camera 4 are at the ecliptic pole. The and arrows indicate the directions
of increasing ecliptic longitude and latitude.
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2.6 Data Products

During nominal operations, the four CCD cameras are clocked continuously, with an
integration time of two seconds. These two-second integrations are fed into the DHU, which
sums them on the y to create two basic data products: two-minute stacked subarrays and
30-minute FFIs. The two-minute subarrays are centered on stars with the potential for
exoplanet discovery, asteroseismology targets, and calibration sources, while the FFls can
be examined for transiting planets around targets not specied in the two-minute data
set, along with a wide variety of other astrophysical phenomena. These data products are
compressed, stored on board, and downlinked to the ground at every perigee pass.

These data products, along with ancillary engineering data, are described in detail in the
Science Data Products Description Document.

2.6.1 Two-minute \postage stamp" Data

The two-minute postage stamps are similar to the long- and short-cadence data collected by
Kepler. During mission observation planning, targets for postage-stamp data are selected
(cf. x9.4), and the pixels associated with each of these targets are identied. For the
majority of targets, an 11 11 pixel box is su cient to enclose the optimum aperture and
background pixels; brighter stars will be given larger stamps. The list of target pixels is
then uplinked to the DHU.

During science observations, the DHU uses data from 60 consecutive two-second integrations
to create two-minute postage stamps from the uplinked target pixel list. Cosmic-ray
mitigation (see x5.1) is applied to these stacks, which reduces the e ective exposure time
to 96 seconds.

The postage-stamp data are calibrated and formatted into target pixel FITS les in a format
modeled on the Kepler format.

2.6.2 Full-Frame Images

The high data downlink capability allows FFIs to play a signi cant scienti c role for TESS.
During science operations, the DHU continuously uses data from 900 consecutive two-second
images to create 30-minute FFIs for all cameras. Cosmic-ray mitigation is applied to the
FFIs, which reduces the e ective exposure time to 1440 seconds. As a result, a sector's
observations will produce a set of> 1200 contiguous 30-minute exposures of the sky (with
a short interruption for data downlink in the middle).

3 Optical Assembly

3.1 Lens Assembly

Each of the four identical TESS lenses is an /1.4 custom design consisting of seven optical
elements, with an entrance pupil diameter of 10.5 cm. For ease of manufacture, all lens
surfaces are spherical except for two mild aspheres. The seven elements are mounted in two
separate aluminum lens barrels that are fastened and pinned together. All optical elements
have antire ection coatings optimized for the TESS bandpass. The surface of one element
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is coated with a long-pass lter to enforce the cuto at 600 nm. The red limit at 1000 nm
is set by the quantum-e ciency curve of the CCDs. A cross-section of the TESS lens is
shown in Figure 3.1.

Figure 3.1: Cross-section of TESS lens, showing the optical paths for light at a range of incident
angles. Because the rst lens element is oversized, there is minimal geometric vignetting at large
eld angles.

Each lens forms a 24 24 unvignetted image on the four-CCD mosaic in its focal plane.
The optical design was optimized for broad-band image quality across the wide eld-of-
view. The PSF is undersampled because, as Kepler results show, photometric precision is
improved with a higher fraction of total power in the peak pixel (Gillland et al., 2011).

The lens was designed for operation at 75 C, but manufactured and assembled at room
temperature. There is no focus mechanism in the TESS camera: the focus was set on the
ground by the use of a precisely-machined shim that separates the lens from the detector
assembly. The thickness of this shim was determined and set during pre-launch optical
testing of the camera at ight temperatures. The criteria for setting the focus was the
wavelength weighted and spatially weighted average of the brightest pixel ux fraction
(BPFF), which is de ned as the ratio of the source ux in the peak pixel compared to the
total source ux.

3.1.1 Vignetting

Because the rst element of the TESS lens is oversized, there is no geometric vignetting over
the full FOV of the camera. Figure 3.1 shows the light paths for rays at a range of incident
angles. The rst element of the lens is oversized, which reduces the geometric vignetting
of the lens. The reduction of entrance purﬂ'l diameter with eld angle is primarily due to
geometric foreshortening and so falls o as cog ): this is shown in Figure 3.2.

3.1.2 System Throughput

A detailed calculation of the throughput of the system was performed. The system
throughput calculation takes into account the spectral response of the anti-re ection
coatings on each lens surface, the throughput of each lens element, the quantum e ciency
of the CCD, and the anti-re ection coating on the CCD. The throughput is determined as
a function of wavelength (spectral response) and eld angle.
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Figure 3.2: Entrance pupil diameter vs. eld angle

The on-axis system throughput vs wavelength and e ective area vs wavelength are shown
in Figure 3.3.

Figure 3.3: Camera overall throughput (blue, left axis) and e ective area (red, right axis) as a
function of wavelength. The vertical lines indicate the nominal TESS passband of 600-1000 nm.

These analyses predict an e ective area of 86.6 cfmon axis and a drop of 4.5% in the
furthest corner of the FOV (Figure 3.4).

3.2 Lens Hood

Each camera is equipped with a lens hood to minimize the levels of stray light from the
Earth or Moon striking the detectors. The lens hoods are roughly conical in shape, with
attened sides to allow for clearance. The lens hoods are truncated just below the level
of the spacecraft sun shade to prevent direct illumination by sunlight. As a result, there
are two types of lens hood: the lens hoods on cameras 1 and 4 are beveled at an angle of
36 (cf. Figure 2.2), while the lens hoods on cameras 2 and 3 are beveled at an angle of

Page 18



TESS Instrument Handbook Version 0.1 (Draft of 6 December 2018)

Figure 3.4: Predicted camera e ective area vs eld angle

12 (cf. Figure 3.5). Both types of lens hood are azimuthally asymmetric, with a short
wall and a long wall, leading to an azimuthal dependence of the scattered light suppression
performance.

The deep vanes in the lens hoods are designed to prevent single-bounce re ections of
Earth/Moon light from the inside of the lens hood into the camera lens. The edges of
the vanes are milled to 1 mil thickness to reduce the level of light re ected directly from
them.

Figure 3.5: Left: Cross-section of camera tted with 12 lens hood. Right: The level of scattered
light suppression is a function of incident angle and azimuth.

The lens hood was designed to a requirement of a mean level of scattered light suppression of
107 over the entire FOV when the incident beam is> 37 from the optic axis of the camera.
This level of suppression was intended to reduce the level of scattered light from the Earth
at 40 RE to the sky background level. Figure 3.6 shows the theoretical performance of the
lens hood design for both the long (36) and short (12 ) lens hoods. Because the lens hood
shape is asymmetric around the optic axis, the suppression performance should be expected
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to be di erent at di erent entrance azimuths (cf. Figure 3.5, right), and this is seen in the
curves in Figure 3.6.

Figure 3.6: Predicted lens hood suppression performance as a function of o -axis angle of the light
source for the 12 and 36 lens hoods. A suppression of -70 dB corresponds to a mean reduction of the
scattered light per pixel of 10’ over the FOV. The azimuthal dependence of scattering performance
is also shown.

Theoretical modeling of the lens hood performance predicted that the scattered light
suppression would not be uniform over the FOV. The mean suppression over the majority
of the FOV would better than the requirement, but there would be small regions of lesser
suppression. These regions would be seen as di use patches of light a few to several times
the mean background level (see Figure 3.7). The location of these patches would depend on
the azimuth of the source of the light and thus would move as the Earth or Moon changes
its orientation with respect to the camera reference frame.

Figure 3.7: Predicted lens hood suppression performance over the FOV. The lens hood stray light
suppression performance is not uniform over the entire FOV, but rather shows patches of lower
suppression. The bright arc at lower right is due to a re ection from the edge of a vane.
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4 Detector Assembly

41 CCDs
4.1.1 CCD Architecture

The TESS detectors are CCID-80 CCDs, manufactured by MIT Lincoln Laboratory. The
CCID-80 is a backside-illuminated, deep-depletion, frame-transfer CCD with three-phase
clocks. The CCID-80 pixels measure 15m square, and they are depleted to have a collection
depth of close to 100m. This deep depletion depth enhances the red sensitivity of the
CCD, but also increases the volume sensitive to cosmic-ray interactions. Figure 4.1 shows
the overall architecture of the CCID-80.

Figure 4.1: CCID-80 architecture

The imaging array for the CCID-80 is comprised of 2048(H) 2048(V) pixels. The active
imaging array is surrounded by 10 extra rows and columns each on the left, right, top, and
bottom sides to bu er the active imaging array from uneven elds due to the substrate
bias. The left and right bu er columns are e ectively invisible. The top bu er rows appear

in the images, exposed to the sky. The aluminum that blocks light from the frame store
area partially covers the bottom bu er rows, so these are only partially exposed. Charge
accumulated in these rows is discarded during readout, but blooming and smear from bright
objects in the uncovered portion may still appear in images.

There is a charge injection register above the the active imaging array. The charge injection
register is disabled on TESS, but its presence is occasionally seen when charge from an
extremely bright object blooms to the upper CCD edge. This charge can bloom horizontally
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Figure 4.2: The CCID-80 is read out through four output nodes, labeled A-D. The readout of
the serial register for each node begins with 11 virtual columns (yellow), followed by 512 imaging
columns, ending with 11 virtual columns (orange). The output nodes are laid out in a manner such
that the serial readout direction for nodes B and D is the opposite of that for nodes A and C.

in the charge injection register and appear in columns adjacent to a column with severe
blooming.

The frame store region has dimensions 2048(H)2068(V) pixels. It is divided into four
slices (A, B, C, D), each 512(H) 2068(V). Each slice has its own serial register with its
own output. Slices A and C are read out right to left (charge transfers right to left). Slices
B and D are read out left to right. Each \serial" or \output" register has 11 extra pixels
between the end of its frame store slice and the charge sense ampli er or output port.

The CCID-80 is equipped with high-conductivity \straps”, deposited near the gate structure
at the bottom of the backside-illuminated CCDs, to allow for return of the current needed
to transfer charge quickly from imaging to frame-store arrays. These straps are re ective
to photons in the near IR and are visible in FFIs. The impact of the straps is discussed
further in x6.6.1.

41.2 CCD Readout

The readout of the CCD occurs in distinct steps. The number of rows and columns shifted
in each step is critical to the understanding of the format and contents of the output.

Step 1: Parallel Transfer from Imaging to Frame Store CCD readout begins with
a transfer of the charge in pixels in the imaging area into the frame-store area, row by row.
The transfer of rows into the frame-store region occurs at a rate of 9.6 s per row, for a
total readout time of 19.95 ms. During this transfer, each pixel in each CCD column is
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exposed to light imaged on every row in that column, which creates image smear along the
column.

The readout of the imaging area consists of 2078 parallel transfers into the frame-store area.
Because the frame-store area can only hold 2068 rows, the charge from the bottom ten (10)
rows of the imaging area is clocked into the serial register and later ushed. Because the
imaging area consists of only 2068 rows, the top 10 of the 2078 rows do not correspond to
physical pixels. However, these pixels are exposed to starlight during the transfer into the
frame-store area and therefore serve as a measurement of image smear.

Step 2: Readout of Frame Store The frame store is read out one row at a time: rst

the rows are shifted down, with the bottom row shifted into the serial register, then the
serial register is read out through the four output ampli ers. This shift-and-readout process

is done 2078 times. Because the frame-store area consists of only 2068 rows, the last 10
rows in the frame-store readout are only real during the frame store readout. These rows
are virtual frame store rows and can be used to measure the dark current generated during
the frame-store readout process.

Parallel Transfer into Serial Register The parallel transfer shifts the charge from the
frame store into the serial register. Only the charge from the 2048 central columns is
shifted; any charge in the bu er columns is shifted into a scupper and ows to ground.
Parallel transfers occur at a clocking rate of (625/6) kHz, or 104.2 kHz; therefore, each
parallel transfer requires 9.6 s.

Serial Register Readout  The serial register is read out through four output ampli ers,
A-D. Each ampli er sees 11 leading pixels, 512 active pixels, and 11 trailing pixels.
The 11 leading pixels and 512 active pixels are characteristics of the CCD and cannot
be changed. The number of trailing pixels is determined by the readout software and
can have any non-negative value. The number of trailing black pixels was chosen to
be 11 for symmetry. Because outputs B and D are on the right side of their parts of
the serial register, the pixels are read out in the opposite physical order from those
read out through outputs A and C. This ipping of the column order is accounted for
in the generation of FITS images §&4.1.3). Figure 4.2 illustrates how the over- and
underclock columns and extra rows relate to the image pixels. The readout of pixels
from the serial register occurs at 625 kHz, or 1.6 s/pixel.

4.1.3 CCD FITS images

The CCD pixels are read out as described inx4.1.2 and shown in Figure 4.2. In creating
the FITS image for a single CCD, the imaging and virtual pixels are arranged in a manner
that creates a monolithic array of imaging pixels in physical order, bracketed on both sides
by overclocked pixel. This means that the order of the pixels in readouts B and D in the
FITS image are reversed from the readout order of the pixels: the physically furthest-right
pixel is the one read out rst in slice B, whereas the physically furthest-left pixel is read

out rstin slice A.

As shown in Figure 4.3, the overclocked pixels for the four slices are oriented on either side
of the imaging area. The order of the virtual columns is the same as that of the imaging
region: i.e., the columns in the horizontal overclocked regions for outputs B and D are
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Figure 4.3: A CCD-level full-frame image is constructed by a) orienting the columns of readouts B
and D in physical order and b) moving the underclocked columns to the left side of the image and
the overclocked columns to the right of the image. The overclocked rows are arranged at the top
of the image. The imaging area of the CCD is found in columns 45-2092 (counted starting from 1)
and rows 1-2048.

reversed from their readout order, because the imaging columns for nodes B and D are
reversed.

Because the pixel order of slices B and D is the opposite of the readout order, camera
features that are dependent on readout direction can look di erent in di erent slices of the
CCD. Undershoot is one example, as shown in Figure 4.4; other examples are discussed in
X6.

414 CCD QE

The quantum e ciency of the CCID-80 as a function of wavelength is shown in Figure 4.5.
The overall QE is determined by the absorptive properties of the silicon and the performance
of the antire ection coating placed on the CCD.

The TESS lens features a cut-on lter at 600 nm to bound the bandpass of the cameras
at the blue end of the spectrum. However, there is no explicit cut-o Iter at the red end
of the spectrum: the bandpass of the TESS instrument is limited at the red end by the QE
of the CCDs. As shown in Figure 4.5, the absorption length of red photons in silicon is a
mild function of temperature, and this is re ected in the variation of QE with temperature
shown in Figure 4.5. The stable thermal state of the spacecraft during nominal operations
will minimize the impact on observations of QE variations with temperature.

4.2 Focal Plane Array

The focal plane array (FPA) is constructed from four MIT/LL back-illuminated CCID-80
CCDs. The four CCDs are abutted, with a 1.5 mm gap between them (Figure 4.6, left).
The four frame-store regions create an e ective 4096x4096 pixel imaging array contained
within a 62 62 mm focal plane with a Il factor of 95%. An aluminum light shield covers
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Figure 4.4: Because the pixels in slices A and C are read out in the opposite physical order from
those in slices B and D, any features that depend on the readout direction, such as undershoot,
will look dierent in di erent regions of the CCD. At left is a saturated star in slice B showing
undershoot on the left side of the image; at right, in slice C, the undershoot is on the right side of
the image.

Figure 4.5: Left: The quantum e ciency of the CCID-80 CCD at three temperatures. Measurements
made with a ight-like CCID-80 show the overall CCD QE and the thermal sensitivity of the QE at
the red end of the spectrum. Right: The absorption length of silicon at four temperatures, showing
the sensitivity to temperature at the red end of the spectrum.

the frame-store regions of the four CCDs, revealing only the imaging arrays of the FPA
(Figure 4.6, right).

Each CCD and its associated ampli er circuitry is bonded to a SiC pedestal. The four
pedestals are then mounted onto a monolithic SiC focal plane. The atness of the FPA can
be adjusted with shims under the pedestals (typical FPA atness is shown in Figure 4.7.
The SiC focal plane mounted to the detector housing via four titanium exures. The SiC
focal plane is thermally connected to the detector housing via two copper cold straps. The
detector housing is thermally coupled to the lens and then to the lens hood, which serves
as the primary radiator for the camera.

4.3 Focal Plane Electronics

Each TESS camera has its own set of focal plane electronics (FPE), which consist of a driver
board, a video board, and an interface board.
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Figure 4.6: Left: The detector housing, shown without light shield, revealing the CCDs (blue),
titanium mounting exures, and the copper cold strap that sinks heat from the CCDs to the detector
housing. At right, the full detector assembly, including the light shield over the CCDs and the G-10
spacer between the detector housing and the FPE housing.

Figure 4.7: The focal plane array CCDs were aligned to be within 10 m of coplanar.

The driver board and interface board provide operating voltages and clocks to the
four CCDs in the camera.

The video board ampli es and digitizes the outputs from the four CCDs. It also
measures temperatures and controls the heaters that control the camera temperature.

All three boards collect analog measurements of voltages, currents, and temperatures
(\housekeeping™). An ADC on the interface board digitizes these.

An FPGA on the interface board orchestrates the acquisition of digitized video and
housekeeping. It commands the voltage and current regulators for operating voltages
and temperatures. It relays digital data to and from the DHU.
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Detailed documentation on the focal plane electronics may be found ahttps://github.
com/TESScience/FPE/blob/FPE-7.0/Releases/FPE-7.0-RR10A/FPE.pdf .

4.4 Thermal Design

The CCDs in the detector assembly are mounted in close proximity to the focal plane
eletronics to reduce noise and crosstalk. The camera thermal design accommodates the
need for the CCDs to be at temperatures near 80 while the focal plane electronics are
closer to 0 by thermally isolating the two sections and feeding heat generated from the
FPE out to the lens through the detector housing.

The lens hood serves as the heat sink for the camera, and the camera lens and CCDs are
cooled by being in good thermal connection with the lens hood. The focal plane electronics
are stood o from the backplate of the focal plane assembly, and a G-10 spacer thermally
separates the back end of the detector assembly (housing the FPE) from the front end
(housing the FPA). The resulting thermal pro le for the camera is shown in Figure 4.8.

One by-product of the lens-hood-as-heat-sink design is a sensitivity to presence of the Earth
in the FOV of a camera. Depending on the distance of TESS from the Earth when the
Earth is in or near the FOV of a camera, the lens and CCD temperatures canrise 1 2.

The natural timescale for recovery from thermal excursions is 12 18 hours. This e ect
can be regularly seen as the camera temperatures change during and recover after perigee
passes.

Figure 4.8: The predicted thermal pro le of a TESS camera under ight conditions. Heat generated

in the focal plane electronics is fed through the camera housing to the lens hood, which serves as a
thermal radiator. The CCDs are isolated from the heat generated in the FPE housing by a G-10
spacer and thermally connected to the lens hood through the detector housing.
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5 Data Handling Unit

During science operations, the Data Handling Unit (DHU) performs real-time processing
of data from the four cameras, converting CCD images into the data products required for
ground post-processing. A primary data product is a collection of subarrays (nominally
11 11 pixels) centered on preselected target stars; another is full-frame images (FFIs).

The DHU consists of four functional modules: an Athena-3 Single Board Computer (SBC),
a Re-Con gurable Computer (RCC) with three Virtex-5 FPGAs and a custom Mezzanine
Card, a Flash Memory Card (FMC) that serves as a Solid State Recorder (SSR) and a
Power Supply. These modules are connected via a custom Compact PCI (cPCI) backplane.
The SBC is responsible for commanding and communicating with the spacecraft master
avionics unit, the RCC interfaces to the four cameras, performs high-speed data processing,
and interfaces to the Ka-band transmitter, and the FMC holds 192 GB of mass data storage.

Figure 5.1: TESS Data Handling Unit

The CCDs produce a continuous stream of images with an exposure time of 2 sec. These data
are received by the FPGAs on the IPC for processing. The DHU FPGAs are con gured to
process the incoming data streams independently and in parallel, using individual Science
Processing Modules (SPMs). Each SPM can be con gured to stack pixels in a supplied
pixel mask to a certain depth and perform (or not perform) cosmic-ray mitigation (seex5.1,
below).

In nominal operations, one SPM is con gured to stack pixels 900 deep, with cosmic-ray
mitigation, to be used to create FFIs. A second SPM is con gured to stack selected pixels
60 deep, with cosmic-ray mitigation, to create two-minute cadence data. The Proton400k
takes data of each type, compresses them, and stores them in the SSR prior to encapsulation
as CCSDS packets for the Ka-band transmitter.

5.1 Cosmic-Ray Mitigation

Cosmic-ray hits on the TESS CCDs have been assessed to be a signi cant source of excess
noise unless mitigated. This is especially true for FFls, where nearly half of the pixels in a
30-minute FFI will be a ected by cosmic rays.
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A mitigation mechanism for cosmic rays was developed and installed in the DHU FPGAs.
During the image stacking process, pixel values are examined in groups of: the highest
and lowest values are discarded, and the sum is used in creating the stack. This has been
shown in simulation and in ight to e ectively remove cosmic rays from the stacked image:
the cost is a reduction in the e ective exposure time by% and a concomitant increase in
shot noise. The increase in noise was demonstrated through simulation to be of the order
of 1-2% and much smaller than the noise levels in data with cosmic rays.

Pre-launch simulations calculated that the optimal value for N was 10. Testing done during
Commissioning con rmed that this value was good for both two-minute cadence data and
FFls.

This procedure reduces the probability of contamination of a pixel by a factor of 100,
but does not eliminate it. Outliers due to cosmic rays will still be present at a low level.

6 Detector Performance

The following sections detail the features and artifacts of the TESS detector performance.
Many of the e ects described herein &6.3 through x6.6, x6.8) are taken out by standard
data processing: they are described here for those who would want to work with raw data.

6.1 Readout Noise

The readout noise in the 64 CCD outputs ranges from 7 11 e =pixel. The readout noise
in outputs A and D is slightly higher than in B and C.

6.2 Dark Current

The dark currents in the 64 CCD outputs at ight temperatures ( 80 C) are all <<
1 e /s/pixel.

6.3 Bias Level and Dirift

The bias level is a characteristic of each of the 64 CCD output stages. In general, the bias
level is mildly sensitive to camera temperature. Proper image processing, which measures
and subtracts the bias level from all pixels, mitigates such changes. Other sources of drift
in the bias levels have been observed on orbit: these are discussed below.

6.3.1 Bias Dirift

On longer time scales, the black level shows small systematic shifts, a few electrons in
magnitude. This drift is due to factors such as component aging, radiation exposure,
temperature drift, and power supply voltage drift.

6.3.2 Thermal Drift

The bias level is mildly sensitive to temperature changes in the CCDs and FPE, of the order
of 3-5 ADU/ C. Such shifts in bias level will occur primarily after data downlink (cf. x8.3.
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6.3.3 Flicker Noise

Flicker noise is a random change in the bias level that is uncorrelated with temperature
or other external causes. On short timescales, the variation is less than 1 ADU: see the
left panel of Figure 6.1. On longer timescales, garden variety #f) icker noise diverges in
amplitude as the log of the time scale, while Brownian noise (&f 2) diverges as the square
root of the time scale.

Figure 6.1: Examples of icker noise (left panel) and popcorn noise (right panel) seen in the bias
levels of ight CCDs.

6.3.4 Popcorn Noise

Some CCD outputs exhibit \popcorn" noise: sudden, small, shifts in black level. The new
level typically persists for a period of minutes to hours and then shifts back. The right
panel of Figure 6.1 shows an example.

6.3.5 Black Flutter

\Black utter" is a quasi-periodic variation in black level that is seen from time to time in

two minute cadence data. Its period is approximately four minutes, so successive frames
tend to alternate high and low. The four-minute periodicity is modulated by a sinusoid
with a period of 45 minutes. It appears to aect CCD 2 in each camera more strongly
than the others. Its amplitude is very sensitive to small changes in temperature. It may be
crosstalk, but its source is unknown. It is included here because its mitigation is similar to
other drift e ects. Figure 6.2 shows an example.

If black utter is seen in the ight data, its presence is noted in the Data Release Notes
corresponding to those data.

6.3.6 Mitigation
In general, the bias drift mechanisms described above do not produce signi cant patterns

in two or thirty minute images. Therefore, the mitigation for drift is to estimate a single
o set for the black level for each CCD output for each frame.
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Figure 6.2: Measurements from ight data revealed that the mean bias level - - primarily in CCD
2 of each camera - - varied with an approximately four-minute period, enveloped by a 45 minute
sinusoid.

6.4 Gain and Linearity

Gain and linearity parameters were determined during ground calibration of the ight
cameras. The values are tabulated irA.3 and discussed in detail below.

6.4.1 Video Scale

The parameter videoScalerepresents the number of electrons a single digital unit denotes in
the \small signal” regime (this is sometimes miscalled \gain"). Given the estimated number
of electrons e, the measured digital count d, and the calibration parameter videoScaler,
é=rd.

The videoScale parameter was determined empirically in ground calibration, using X-ray
photons to deposit packets of known amounts of charge in the CCD. These are tabulated
in xA.3.

6.4.2 Linearity

Linearity is described here in two ways: one used by the FPE design team, and one used by
SPOC. The calibration products for the two methods were derived from the same calibration
data and are, therefore, equivalent. Both methods are described to inform the user.

In the FPE design method, the parametersgainGainPerElectron and gainLossPerElectron
represent nonlinearity in the measurement. Given

é = estimated number of electrons per image in the stack

e = mean uncorrected electrons per image in the stack
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g+ = calibration parameter gainGainPerElectron

g = calibration parameter gainLossPerElectron

&= ©
(l+eg )l eg)

These parameters were determined empirically in ground calibration. The dominant source
of nonlinearity appears to be the charge sense transistor on the CCD chip. The drain-source
voltage increases with increasing charge raising the transconductance. The source current
decreases with increasing charge, reducing the transconductance. The resulting function is
an S-shaped curve of voltage out versus voltage in.

The formula above represents the inverse of an S-shaped curve. The CCD operates in the
nearly linear part of this curve. Figure 6.3 shows the deviation of the slope of this curve
relative to the video scale for a sample slice. The points are measured, the curve is the t
to the formula above.

The method used by the SPOC to correct for the non-linearity is di erent from the method
described above. The SPOC uses a polynomial t to the data in Figure 6.3, one polynomial
per readout channel. This polynomial provides a linearity correction for that channel as

a function of the signal in ADU. The correction is applied to the signal, resulting in a
\linearized ADU" value that can then be converted to photoelectrons by applying the
videoScale parameter. Note that the polynomial is only valid for a single exposure, and
that the SPOC only receives images made of many co-added exposures. The image value is
divided by the number of co-adds to produce a mean signal per exposure, which is used to
evaluate the polynomial and determine the linearity correction. The calibration data used

by SPOC to correct for non-linearity is archived at MAST.

Figure 6.3: Deviation of system gain from the videoScale measured at low signal for an example
CCD slice. The dots are measured values; the curve is a t of the values to the equation above.

6.4.3 Di erential Non-Linearity

Di erential non-linearity is the variation in the height of the steps in the conversion of the
analog video signal to a digital number. For TESS images, it is less than 1/8 of a digital
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unit by design. This is di cult to measure even for dark exposures in the laboratory. Image
stacking further attenuates this e ect, so we do not expect it to have any signi cant e ect
on TESS data.

6.5 2D Black

The 2D black les represent the xed pattern that is visible in the black level for a sum of
many exposures. They were acquired by reversing the CCD parallel clocks, forcing charge
up to the charge injection register. The charge injection register was unclocked but left
\open", so charge could transit it to its ends and be collected. The serial registers and
measurement chains were clocked as normal. Thus, power and crosstalk are the same as if
there was no light on the CCD. These data were collected on orbit once the cameras had
reached ight temperature.

The pattern in the black level was estimated using a truncated mean. For each pixel
location, outliers that exceeded 3 from the median value from N frames were exclued. The
estimation of from the mean square deviation from the median uses only those points
below the median. The 2D black les contain the means of the surviving measurements.
This procedure prevents contamination by rare cosmic ray hits on the serial register.

Figure 6.10 shows an image of the pattern on a sample slice. The right panel of that gure
shows the same pattern, quantitatively as a 3D surface.

6.6 Flat Fields

The TESS CCDs show position-dependent quantum-e ciency variations over the FOV. The
TESS CCDs also include QE variations that are wavelength-dependent. Flat- eld images
collected during pre-launch thermal-vacuum testing can be used during pixel calibration
to account for these e ects, but some wavelength-dependent e ects cannot be completely
accounted for.

The features of the TESS CCD at eld include

The pixel-to-pixel quantum e ciency variations seen in all CCDs. The measured RMS
variations is  0:5%.

Arc-shaped structures, known as \tree rings" that are a remnant of the growing of
the silicon boule used in the construction of the CCD wafers. The tree rings, visible
in the at eld image shown in Figure 6.4, have an amplitude of < 0:5%.

A \brick wall" pattern is the result of the annealing process of the CCDs. It has an
amplitude of < 0:1% and is visible only at the very blue edge of the TESS bandpass,
< 650 nm.

Re ective straps on the back of the CCDs that enhance the red response of the a ected
pixel. These are described in more detail ink6.6.1, below.
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