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Abstract

The New Horizons mission was launched on 2006 Januay 19, and the spacecraft is heading for a flyby
encounter with the Pluto system in the summer of 2015. The chdlenges assodated with sending a spacecraft to
Pluto in less than 10 years and performing an ambitious suite of scientific investigations at such large
hdiocentric distances (> 32 AU) are formidable and required the development of lightweight, low power, and
highly sengtive indgruments. This paper provides an overview of the New Horizons science payload, which is
comprised of seven indruments. Alice provides modeate resolution (~3-10 « FWHM), spaialy resolved
ultraviolet (~465188) ¢ ) spectroscopy, and includes the ability to perform stellar and solar occultation
measurements. The Ralph ingrument has two components. the Multicolor Visible Imaging Camera (MVIC),
which performs panchrometic (400-975 nm) and color imaging in four spectral bands (Blue Red, CH,, and
NIR) at a modeate spaial resolution of 20 prad/pixel, and the Linear Etalon Imaging Spetral Array (LEISA),
which provides spdially resolved (62 prad/pixel), near-infrared (1.25-2.5 pm), modeaate resolution (! /*! ~
240-550) spectroscopic mapping capabilities. The Radio Experiment (REX) is a component of the New
Horizons telecommunications system that provides both radio (X-band) solar occultation and radiometry
capabilities. The Long RangeReconnassance Image (LORRI) provides high sengtivity (V < 18), high spatial
resolution (5 prad/pixel) panchromatic optical (350-850 nm) imaging capabilities that serve both scientific and
optical navigaion requirements. The Solar Wind at Pluto (SWAP) ingrument measures the densty and speed of
solar wind particles with aresolution! E/E < 0.4 for energies between 25 eV and 7.5 keV. The Pluto Energdiic
Particle Spetrometer Saence Investigaton (PEPSS) measures energetic particles (protonsand CNO iong in
12 energy channds spanning 1-1000keV. Findly, an ingrument designed and built by students, the Vendtia
Burney Suudent Dug Counter (VB-SDC), uses polarized polyvinylidene fluoride pands to record dud paticle
impacts during the cruise phases of the mission.

1. Introduction

New Horizons was the first mission selected in NASAG New Frontiers series of mid-sized planetary
exploration programs. The New Horizonsspacecraft was laundhed on 2006 Januay 19 andisnowona3 billion
mile joumey to provide the first detailed reconnassance of the Pluto system during the summer of 2015.
Assuming tha this primary objective is successful, NASA may authorize an extended mission phase that will
permit a flyby of another Kuiper bdt object (KBO), as yet unidentified, probably within 3 years of the Pluto
encounter. The genesis and development of the New Horizons mission is described by Stern (2007) The
scientific objectives of themission are discussed by Younget a. (2007) Here we provideahighlevel overview
of the scientific payload. Detailed descriptionsof individud ingruments are given elsewhere in this volume, as
referenced beow.

The New Horizonsmission is an ambitiousundertaking that required the development of lightweight, low
power, and highly sengtive ingruments. Pluto will be nearly 33 AU from the sun at the time of theencounter in
2015, and a laundh energy (C3) of nearly 170 km? s? was needed to reach this distance within the 9.5 year
trangt to the Pluto system. Even udng the powerful Lockheed-Martin Atlas 551 launcher in tandem with its
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Centaur second stage and a Boeing Star48 third stage, the entire spacecraft mass had to be kept bd ow 480 kg,
of which less than 50 kg was allocated to the science payload. At Pluto@® large hdiocentric distance, the use of
solar phobvoltaic cells was not an option, so the New Horizonsmission relies on a radioisotopethermodectric
generator (RTG) for al of its power needs The mission requirement on the total power available at the Pluto
encouner isonly 180W, of which lessthan 12 W can beused at any onetime by thescientific ingruments. The
solar output (lightand particle) at Pluto is approximately 1000times smaller than at the Earth, which meansthat
the ingruments attempting to measure reflected sunlight or the solar wind during the Pluto encournter mug be
extremely sengtive. Findly, we note tha the long mission duration imposes strict reliability requirements, as
the spacecraft and science payload mug meet their performance specificationsat least 10 years after launch.

Fortunaely, all of the New Horizonsingruments successfully met these daunting technical chdlenges
without compromising any of the misson® origind scientific objectives. Below we provide a high-level
description of al the indruments on New Horizons discuss thar primary measurement objectives, and
summarize their observed performance, which has now been verified dunng in-flight testing. But first we begin
by briefly describing the spacecraft pointing control system asit relates to the science payload.

2. Payload Pointing Control

The New Horizons spacecraft does not have enough power to suppot a reaction wheal based pointing
control system and ingead relies on hydrazine thrugers to provide slewing capability and attitude control. The
postionsof stars measured by oneof two star trackers (the second star tracker provides redundancy) are used to
determine the absolute orientation of the spacecraft (i.e., the RA and DEC locationsof some reference axis on
the spacecraft), and the drift rate is monitored by a laser-ring gyro system (the inertial measurement unit, or
IMU). The attitude data from the star tracker and IMU are used in a feedback loop to set the pointing within
prescribed limits in both absolute postion and drift rate. The spacecraft IMUs, star trackers, sun sensors, and
guidance computers are all redundant.

The New Horizonsspacecraft spendsmuch of its time spinning at ~5 RPM aroundtheY-axis. In this mode
useful data can be obtained by REX, SWAP, PEPSSI, and the VB-SDC, but typically not by any of the other
ingruments.

For virtudly all observationsmade by the imaging ingruments, 3-axis pointing control modeis required. In
3-axis mode the spacecraft can be sewed to a targeted location to an accuracy of +1024 urad (3#) and
controlled to that location within a typical QleadbandOof +500 prad. For some Alice observations, when the
target mug bekept near the center of its narrow dit, the deadband can bereduced to £250urad. Thedrift rateis
controlled to within +34 prad/sec (3#) for both fixed and scanning observations The pog-processing
knowledgeof theattitudeand drift rate derived from the star tracker and IMU data are +350 prad (3#) and £7.5
prad/sec (3#), respectively. Ralph observations usudly require the spacecraft to scan about its Z-axis. The
nomind scan rate for RalphMVIC is 1.1mrad/sec, and the nomind scan rate for Ralph/LEISA is 0.12 mrad/sec.

Further details aboutthe New Horizonsguidance and control system can befoundin Rogeset a. (2006).



3. Science Payload

3.1 OVERVIEW

All of thefundanental (GGroup 1Q scientific objectives for the New Horizons mission (Stern 2007;Y oung
et a. 2007) can be achieved with the core payload comprised of: (i) the Alice ultraviolet (UV) imaging
spectroscopy remote sensgng package, (ii) the Ralph visible and infrared imaging and spectroscopy remote
sengng package, and (iii) the Radio Experiment (REX) radio science package The supplemental payload, which
both degpens and broadens the mission science, is comprised of the Long Range Reconnasksance Image
(LORRI), which is a longfocal-length optical imaging ingrument, and two plasma-sengng indruments: the
Solr Wind Around Pluto (SWAP) and the Pluto Energdic Particle Spetrometer Sdence Inwvestigaton
(PEPSS). The supplemental payload is nat required to achieve minimum mission success, but these ingruments
provide fundiond redundancy across scientific objectives and enhance the scientific return by providing
additiond capabilities not present in the core payload. The Venetia Burney Student Dug Counter (VB-SDC),
which was a late addition to the supplemental payload approved by NASA as an Education and Public Outreach
(EPO) initiative, also provided a new capability to New Horizons namely, an interplangary dug detection and
mass characterization experiment.

Drawings of al seven ingruments are displayed in Figure 1, which also lists the mass and power
consumption of each ingrument. Thelocationsof theingruments onthe New Horizonsspacecraft are displayed
in Figure 2.

As discussed further bdow, Ralph is essentidly two indruments rolled into a single package the
Multispectral Visible Imaging Camera (MVIC) is an optical panchromatic and color imager; the Linear Etalon
Imaging Spectral Array (LEISA) is an infrared imaging spectrometer. The boresights of MVIC, LEISA, LORRI,
and the Alice airglow channd are aligned with the spacecraft EX axis (Fig. 2) except for minor tolerandng
errors. The projectionsof thefieldsof view of those ingruments onto the sky plane are depicted in Figure 3.

Thetypes of observationsperformed by the New Horizonsingruments are depicted in Figure 4. None of the
ingruments have ther own scanning platforms, so the entire spacecraft mugs be maneuvered to achieve the
desired pointings As described bdow, the guidance and control system uses hydrazine thrugers to point the
speacecraft at thedesired target.

The principad measurement objectives and the key characteristics of the New Horizons science payload are
summarized in Table I, which also indudes the names and affiliationsof the ingrument Princdpd Investigators
(Pls) and the primary builder organization for each ingrument. The measurement objectives that are directly
related to themission Group 1 scientific objectives are highlighted in boldface. In thefollowing subsections we
providefurther discussion of each of the New Horizonsingruments.



Core Payload

Long Range Pluto Energetic Particle Solar Wind Around Student Dust
?L%:gg?)a';:rfgﬁfo"'::gg' Spectrometer Science Pluto (SWAP), CBE Counter (SDC), CBE
imager. CBE mass 8.59 kg, !nvestigation (PEPSSI). CBE ';ggswz-u kg, power mass 1.76 kg, power

power 5.1 W mass 1.41 kg, power 2.32 W

Fig 1: The three indruments comprising the New Horizons core payload are shown aong the top
row, and theingruments comprising the supplementa payload are displayed alongthe bottom row.
The approximate mass and power consumption are shown jug bdow the picture of each

ingrument. The total mass of the entire science payload is less than 30 kg, and the total power
drawn by all theingrumentsislessthan 30 W.




REX

PEPSSI

Star Trackers

Fig. 2: This drawing shows the locationsof the instruments on the New Horizons spacecraft. The VB-
SDC is mountd on the bottom pand, which is hidden from view. The boresights of LORRI (sketched
in figure), Ralph, and the Alice airglow channd are all approximately along the BX direction. The
boresights of the Alice solar occultation channd and the antenna are approximately along the +Y
direction. SWAP covers a swath tha is ~20G; in the XY plane and ~10; in the YZ plane PEPSSIG
field-of-view is a ~160; by ~12; swath whos central axis is canted with respect to the prindpd
spececraft axes to avoid obdrudion by the backside of the antenna The black structure with fins
located at +X isthe RTG, which supplies power to the observatory. The star trackers, which are used to

determine the attitude can also be seen. The antennadiameter is 2.1 m, which provides a scale for the
figure.




New Horizons Instrument FOVs
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Fig. 3: Thefields of view (FOVs) of the MVIC, Raph, Alice airglow, and LORRI ingruments are
projected onto the sky plane thelisted boresights are measured in-flight values. Theangular extent
of each ingrument@ FOV is aso listed. The spacecraft +X direction is out of the page, the +Y
direction is up, and the +Z direction is to the left. The LORRI field FOV overlaps the narow
portion of the Alice airglow channd, and the MVIC FOV overlaps the wide portion. The LEISA




Scanning Images ~ 1 minute
(Ralph)

Occultation ~ 40 minutes
( ,» REX)

Scan
Direction

N

\ Spacecraft

Rotation about Z-Axis

Staring Images ~ 100 milliseconds
(LORRI, Ralph, )

Particle Measurements Anytime
(SWAP, PEPSSI)
Dust Measurements During Cruise
(SDC)

Fig. 4: Types of New Horizonsobservations Typical Ralph MVIC Time Delay Integration (TDI) and
LEISA observations (uppe left) are peformed by rotating the spacecraft about the Z-axis. Typical
Raph MVIC frame, LORRI, and Alice airglow observations (lower left) are made with the spacecraft
staring in a paticular direction. The Alice and REX occultation obsrvations (uppe right) are
performed by pointing the antennaat the Earth and the Alice occultation channd at the sun, so that
radio signds from the DSN on Earth can be received by REX at the same time tha Alice observes the
Sun. Observations by the particle ingruments (SWAP, PEPSSI, and VB-SDC; lower right) can occur
essentialy anytime, in either spinning or 3-axis mode However, mog of the VB-SDC daa will be

collected during cruise mode when the other insruments are in hibernaion modeand the spacecraft is
passively spinning, because thruger firingsadd a large backgroundnoise level to theVB-SDC@ daa




TABLE

New HorizonsIndruments: Pluto System Measurement Objectives and Characteristics (PI=Prindpd
Investigator; Ingrument Characteristics are summary values with details provided in theindividud

ingrument pgpers)

Instrument, PI

Measurement Objectives

Instrument Characteristics

UV imaging * Upper atmospheric temperature and pressure profiles of Pluto UV spectral imaging;
spectrometer * Temperature and vertical temperature gradient should be measured to | 465-1880« ;
(Alice), ~10% at a vertical resolution of ~100 km for atmospheric densities FOV 4i x 0.1j plus 2j x 2j;
S.A. Stern greater than ~10° cm™. Resolution 1.8 ¢ /spectral
(SwRI), * Search for atmospheric haze at a vertical resolution <5 km element, 5 mrad/pixe;
SwRI * Mole fractions of N,, CO, CH, and Ar in Pluto’s upper atmosphere. Airglow and solar occultation
e Atmospheric escape rate from Pluto channels
» Minor atmospheric species at Pluto
« Search for an atmosphere of Charon
« Constrain escape rate from upper atmospheric structure
Multispectral * Hemispheric panchromatic maps of Pluto and Charon at best Visible imaging;
Visible Imaging | resolution exceeding 0.5 km/pixel 400'* 975 nm!(panchromatic);
Camera * Hemispheric 4-color maps of Pluto and Charon at best resolution 4 color filters (Blue, Red,
(Ralph/MVIC), | exceeding 5 km/pixel Methane, Near-IR);
S. A. Stern * Search for/map atmospheric hazes at a vertical resolution <5 km FOV 5.7; x 0.15j (stare, pan),
(SwRI), ¥High resolution panchromatic maps of the terminator region or 5.7j x arbitrary (scan);
Ball and SwRI ¥Panchromatic, wide phase angle coverage of Pluto, Charon, Nix, and Hydra | IFOV 20 prad/pixel
¥Panchromatic stereo images of Pluto and Charon, Nix, and Hydra
¥Orbital parameters, bulk parameters of Pluto, Charon, Nix, and Hydra
¥Search for rings
¥Search for additiona satellites
Linear Etalon * Hemispheric near-infrared spectral maps of Pluto and Charon at best IR spectral imaging;
Imaging resolution exceeding 10 km/pixel 12510 2.5 pm;
Spectral Array » Hemispheric distributions of N,, CO, CH, on Pluto at a best resolution | 1.25-2.50 um, ! /"! $ 240;
(Ralph/LEISA), | exceeding 10 km/pixel. 2.10-2.25pm, ! /"! $ 550;
D. Jennings ¥Surface temperature mapping of Pluto and Charon FOV 0.9¥x 0.9%
(GSFC), ¥phase-angle-dependent spectral maps of Pluto and Charon IFQV 62 prad/pixel
GSFC, Ball, and
SwRI
Radio Science * Temperature and pressure profiles of Pluto’s atmosphere to the surface | X-band (7.182 GHz uplink,
Experiment ¢ Surface number density to £1.5%, surface temperature to £2.2 °K and 8.438 GHz downlink);
(REX), surface pressure to £0.3 pbar. Radiometry Tpoise < 150K;
L. Tyler ¥Surface brigthness temperatures on Pluto and Charon (give wavel ength) Ultra-Stable Oscillator (USO)
(Stanford), ¥Masses and chords of Pluto and Charon; detect or constrain J2s. frequency stability:
Stanford and ¥Detect, or place limits on, an ionosphere for Pluto “f/f = 3x 10™ over 1 sec
JHU/APL




TABLE | (continuel)

New HorizonsIngruments: Measurement Objectives and Characteristics

Instrument, PI,
Builder

Measurement Objectives

Instrument Characteristics

Long Range * Hemispheric panchromatic maps of Pluto and Charon at best Visible panchromatic images,
Reconnaissance | resolution exceeding 0.5 km/pixel. 350 B850 nm;
Imager * Search for atmospheric haze at a vertical resolution <§ km FOV 0.29° %0.29°;
(LORRI), ¥L ong time base of observations, extending over 10 to 12 Pluto rotations IFOV 5 prad/pixel;
A. Cheng ¥Panchromatic maps of the far-side hemisphere Optical Navigation
(JHU/APL), ¥High resolution panchromatic maps of the terminator region
JHU/APL and ¥Panchromatic, wide phase angle coverage of Pluto, Charon, Nix, and Hydra
SSG ¥Panchromatic stereo images of Pluto, Charon, Nix, and Hydra

¥Orbital parameters, bulk parameters of Pluto, Charon, Nix, and Hydra

¥Search for satellites and rings
Solar Wind At * Atmospheric escape rate from Pluto Solar wind detector
Pluto (SWAP), ¥Solar wind velocity and density, low energy plasma fluxes and angular FOV 200j x 10j
D. McComas distributions, and energetic particle fluxes at Pluto-Charon Energy Range 0.25-7.5 keV
(SwRI), ¥Solar wind interaction of Pluto and Charon Energy Resolution
SWRI RPA: 0.5V (< 1.5keV)

ESA: 0.4 &E/E (> 1.4keV)

Pluto Energetic
Particle
Spectrometer
Science
Investigation
(PEPSSI),

R. McNutt
(JHU/APL),
JHU/APL

¥Composition and density of pick-up ions from Pluto, which indirectly
addresses the atmospheric escape rate

¥Solar wind velocity and density, low energy plasma fluxes and angular
distributions, and energetic particle fluxes in the Pluto system

Energetic particle detector
Energy Range 1 kev-1 MeV
FOV 160; x 12

Resolution 25 x 12;

Venetia Burney
Student Dust
Counter (VB-
SDC),

M. Horanyi (U.
Colorado),
LASP/Colorado

¥Trace the density of dust in the Solar System along the New Horizons
trajectory from Earth to Pluto and beyond.

12 PVF panels to detect dust
impacts and 2 control panels
shielded from impacts




In the following subsections we provide further discussion on each of the New Horizonsinstruments. We
attempt to provide a high-level summary of the ingrumentsOcapabilities, with detailed descriptions left to the
individud ingrument pgoers, which are referenced in each subsection.

3.2ALICE

The Alice ingrument aboad New Horizons is an ultraviolet (UV) imaging spectrometer that provides
modeaate spectral and spdia resolution capabilities over the wavelength range ~4651880 ¢« with a pesk
effective area of ~0.3 cm?. Light enters Alice® f/3 telescope via either the main entrance aperture (called the
Airglow Aperture, co-aligned with the Ralph and LORRI apertures), or, via a small, fixed pickoff mirror,
through the Solar Occultation Channd (SOCC, co-aligned with the New Horizons high-gan antenng. Light
from either aperture isreflected off the4 cm x 4 cm primary mirror, passes througha single dlit, is reflected off
a holographic grating, and findly is detected usng a phon-couning, microchannd plate doubk dday line
device, read out as a 32 x 1024 element digital array. The SOCC aperture is stoppeal down by a factor of 6400
relative to the Airglow Aperture to allow Alice to look directly at the Sun for solar occultations of Pluto® and
Charon®@atmosphees. The Alice entrance dit is a QollipopQ(see Fig. 3) with a0.1j x 4j GlotOused primarily
for airglow obsrvations and a 2j x 2j oxOused mainly during solar occultation observations The point
source spectral resolution is 3-6 ¢ , depending on wavelength, and the plate scale in the spaial dimenson is
0.27; per pixel. During the Pluto and Charon occultation observations the Sun has an appaent diameter of ~1',
and the spectral resolutionis 3-3.5 « . During filled-dit airglow aperture observations the spectral resolutionis
~9-10- .

Alice isaname, notan acronym, taken from oneof the main characters of the American television show The
Honeymoone's. Alice is sometimes called Pluto-Alice (P-Alice) to distinguish it from its predecessor, Rosetta
Alice (R-Alice), which is a similar ingrument being flown on the European Space Agency (ESA) Rosetta
mission to comet 67R Churyumov-Gerasmenko. Compaed to R-Alice, P-Alice has a somewha different
bandpass and various enhancements to improve reliability. P-Alice also indudes a separate solar occultation
channd, which is not available on R-Alice. Both P-Alice and R-Alice are significantly improved versionsof the
Pluto mission GHIPPSOUV spectrograph (HIPPS/UV SC), which was developed at Southwest Research Inditute
(SwRI) in themid-1990swith fundsfrom NASA, JPL, and SwRI.

Alice@® prindpa measurement objectives and its key characteristics are summarized in Table |. Alice was
designed to measure Pluto®@ uppe atmospheic compostion and temperature, which isaNew Horizons Group 1
scientific objective. Alice will also obtain modd-dependent escape rate measurements from Pluto® atmosphere,
and it will provide some limited surface mapping and surface compostion capabilities in the UV. Alice®3
spectral bandpass indudes lines of CO, atomic H, Ar, and Ne, which may be detectable as airglow, and the
electronic bandsof N,, CH,, and other hydrocarbonsand nitriles, which are detectable during solar and stellar
occultation observations Younget al. (2007 provide a detailed discussion of Alice@® scientific objectives. Stern
et a. (2007)should be conaulted for further details on Alice@ design and performance.

33 RALPH: MVIC AND LEISA

Ralph and Alice togdaher comprise the primary remote senang payload on New Horizons Ralphis named
after Alice'shudandin TheHoneymoones. It isacombined visible/NIR imager (called MVIC) and imaging IR
spectrograph (called LEISA). Both of these two focal planes are fed by a single telescope assembly. MVIC
(Multi-spectral Visible Imaging Camera) is an optical imager employing CCDs with panchromatic and color
filters. LEISA(Linear Etalon Imaging Spetral Array,)isanear infrared (IR) imaging spectrograph employing a
256 x 256 mercury cadmium telluride (HgCdTe) array. In addition to its scientific capabilities, MVIC aso
serves as an Optical Navigation camerafor New Horizons

The common telescope assembly for Ralph has a three-mirror, off-axis anastigmat design with a 7.5 cm
primary mirror. A dichroic reflects the optical light to the MVIC foca plane and tranamits the IR light to the
LEISA focal plane Only onefocal planeis active at atime, with arelay used to select either MVIC or LEISA.
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Owingto Ralph@critical rolein achieving the New HorizonsGroup 1 scientific objectives, all of its electronics
and some of itsfocal plane CCDs are redundant.

The MVIC focal plane has seven indgpendent CCD arrays mounted on a single substrate. Figure 3 shows
therelative postionsof the arrays, as projected on the sky. Six of the arrays have 5000 (columns) x 32 (rows)
phobsendtive pixels and opeaate in time-dday integration (TDI) mode Two of the TDI arrays provide
panchromatic (400-975 nm) images, and the other four TDI arrays provide, respectively, color images in blue
(400-550 nm), red (540-700 nm), near IR (780E075 nm), and narow band methane (860E910 nm) channds.
The frame trander array has 5000 (columns) x 128 (rows) pixels and provides panchromatic images (400-975
nm). All of theMVIC arrays have squae pixelsthat are 20 prad on aside Thus theTDI arrays have afield of
view of 5.7 x 0.037;, and the frame trander array has a field of view of 5.7j x 0.15j. To obtain MVIC TDI
images, the spacecraft scansthe TDI arrays across thetarget (Fig. 4) at the same rate tha chargeis shifted from
one row to the next, so tha the effective exposure time is 32 times the row trander time. The two TDI
panchromatic arrays are sized to meet the 0.5 km/pixel Group 1 mapping requirement near closest approach
when Pluto® diameter subtends ~5000 pixels. Each panchromatic array can be opeated independently, for
redundancy. The four color arrays are opaated in tandem. The primary measurement objectives and key
characteristics of MVIC are summarized in Table .

MVIC images in the three broadband colors will provide information on spectral dopes of Pluto® surface
and onits atmospheic propeaties. The narrow band filter permits mapping of the surface methane abundance, as
the well-known 890 nm absorption band is the strongest methane feature available at optical wavelengths The
near IR filter doubks as the continuum comparison for this methane mapping. MVICG@ framing array is
opegated in stare, nat scanning, mode and is used when geometrical fiddity is important (e.g., for optical
navigation) or when scanning is not practical (e.g., observing Pluto at closest approach when the appaent
motion is too fast). The 700-780 nm gap between the red and near IR bandpasses overlaps another methane
band a 740 nm; combining data from the panchromatic, blue, red, and near IR filters can provide some
information aboutband depth in this "virtud" filter. Younget al. (2007)discuss MVICG@ scientific objectivesin
more detail. Further detailson MVIC and its peformance can befoundin Reuter et a. (2007).

LEISAG dispersive capability is provided by its wedged etalon (a linear variable filter, or LVF), which is
mounied ~100" m aboveits 256x256pixel HgCdTe PICNIC array. The etalon covers 1.25-2.5 " m, a spectra
region popukted with many absorption features of N,, CH,, H,O, NH,, CO, and other molecules, at a resolving
power of ~250. A highe-resolution sub-segment, covering 2.10-2.25" m at a resolving power of ~560, will be
used to discern grain sizes, mixing states, and pure versus solid-solution abundances (Quirico et a. 1999) The
highe-resolution segment is also critical for taking advantage of the temperature-sensitive N2 bands (Grundy et
al. 1993,1999) and the symmetric, doubkd v. + vs CH4 band tha is diagnogic of pure versus diluted CHa
abundances (Quirico & Schmitt 1997) As was the case for MVIC, LEISA images are obtained by scanning its
field of view across thetarget (Fig. 4) with theframe trander rate synchronized with the scan rate. TheLVF is
oriented so that wavelength varies along the scan direction. Thus scanning LEISA ove a targe produces
images at different wavelengths (this is unlike the case for MVIC where the scanning simply increases the
signd 32-fold). LEISA builds up a conventiond spaial-spectral data cube (256 monodromatic images) by
scanning the FOV across al portionsof thetarget at a nomind scan rate of 125" rad/sec. A nomind framing
rate of 2 Hz is currently planned to maintain <1 pixel attitude smear and provide good signd-to-noise ratio in
the Pluto system. The primary measurement objectives and key characteristics of LEISA are summarized in
Table |. Reuter et al. (2007) provide further details on LEISAG design and paformance, and Younget al.
(2007)provides a more in-depth discussion of LEISAG scientific objectives.

34 REX

REX is the radio science package on New Horizons REX stands for Radio EXpeiment. The REX
ingrument is unique among the suite of indruments comprising the New Horizons payload in tha it is
physcaly and fundiondly incorporated within the spacecraft telecommunications subs/stem. Because this
system is entirely redundant, two REXQ® are carried on New Horizons They can be used simultaneoudy to
increase SNR.
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The REX prindple of opeationsfor radio science is as follows: the 2.1 m High Gain Antennaaboad New
Horizons(see Fig. 1) receives radio signds from NASAG Deep Space Network (DSN) at a carrier frequency of
7.182 GHz. New Horizonstrangmits radio signds via the antennato the DSN at a carrier frequency of 8.438
GHz. By measuring phase ddays in thereceived signd as afundion of time, theingrument allows oneto invert
a radio occultation profile into a temperature, number dengty profile of the intervening amosphewe, if it is
sufficiently dense. REX can also opeate in a passive radiometry modeto measure radio brightness temperatures
at itsreceiver frequency.

The heart of the REX ingrument is an ultra-stable ocillator (USO), which opeaates at 30 MHz for the
down-conveasion to an intermediate frequency (IF). An Actel Field Programmable Gate Array (FPGA) takes
samples of the IF receiver output and generates wideband radiometer and narrowband sampled signd daa
produds. TheREX hardware also indudes an andog-to-digital convater (ADC) and other electronics interface
components in the telecommunications system. As noted above there are two copies of the entire
telecommunications system (except for the High Gain Antenng, which means tha there is full system
redundancy in the REX capabilities. The primary measurement objectives and key characteristics of REX are
summarized in Tablel. Tyler et a. (2007 discuss REX and its paformance in much greater detail.

REX addresses the Group 1 scientific objective of obtaining Pluto@ atmospheic temperature and pressure
profiles down to the surface usng a unique uplink radio occultation technigue REX detects the changes
induced by Pluto® atmosphere in theradio signd tranamitted to the spacecraft from the DSN. This differs from
the typically used downlink method, in which the spacecraft tranamits to receivers on Earth. REX will also
address Group 2 and Group 3 scientific objectives, induding probing Pluto® ionogpheic densty, searching for
Charon® atmosphee, refining bulk parameters like mass and radius and measuring the surface emission
brightness at a wavelength of 4.2 cm, which permits the determinaion of both the daysde and nightside
brighthess temperatures with an angular resolution of ~1.2j (full-width between the 3 dB points). Younget al.
(2007)providefurther discussion of the REX(® scientific objectives.

3.5 LORRI

The Long Range Reconnassance Image (LORRI) is a narow angle (field of view=0.29; x 0.29;), high
resolution (4.96 " rad/pixdl), panchromatic (350-850 nm) imaging system. It was placed on New Horizonsto
augment and also back up Ralph® panchromatic imaging capabilities. LORRIG primary fundion is to provide
highe resolutionimagery.

LORRI® input aperture is 208 cm in diameter, making LORRI oneof the largest telescopes flown on an
interplanetary spacecraft. The large aperture, in combination with a high throughput(QE,., $ 60%) and wide
bandpass, will allow LORRI to achieve a signd-to-noise ratio exceeding 100 during disk-resolved observations
of Pluto, even thoughexposure times mug be kept bdow 100 ms to prevent smearing from pointing drift. A
frame trander 1024x 1024 pixel (optically active region), thinned, backside-illuminaed charge-coupled device
(CCD) deector recordstheimagein thetelescopefocal plane The CCD outputisdigitized to 12 bits and stored
on the spacecraft@ solid state recorder (SSR).

Raw images can be downlinked, but typically the images will be either losslesdy or lossy compressed
before trangmission to the groundin order to minimize the use of DSN resources. LORRI image exposure times
can bevaried from 0 msto 29,967 ms in 1 ms steps and images can be accumulated at a maximum rate of 1
image pea second. LORRIG large dynamic range alows it to be an imaging workhorse during the Jupiter
encounter, when saturation limits MVIC observationsto relatively large solar phase angles.

LORRI opeaatesin an extreme thermal environment, mounted ingde the warm spacecraft and viewing cold
space, but the telescope® monoiithic, silicon carbide congdruction allows thefocusto be maintained over alarge
temperature range(-120 C to 50 C) without any focus adjugment mechanisms. Inded, LORRI has ho moving
pats making it arelatively simple, reliable ingrument tha is easy to opaate. A onetime deploy aperture door,
mounted on the spacecraft structure, protected LORRI from the harsh laundh environment. Cheng et a. (2007)
provide a detailed description of LORRI andits performance.

Owingto its higher spatial resolution, higher sengtivity, and lower geometrical distortion (< 0.5 pixel across
the entire field of view) compaed to Ralphl/MVIC, LORRI is also serving as the prime optical navigaion
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ingrument on New Horizons During a typical 100 ms exposure usng the full format (1024 x 1024) mode
LORRI can achieve a signd-to-noise ratio of ~5 on V=13 stars. On-chip 4x4 binning, used in conjundion with
a specia pointing control mode that permits exposng up to 10 s while keeping the target within a single
rebinned pixel, allows imaging of point sources as faint as V$18, which will permit LORRI to detect a 50 km
diameter KBO ~7 weeks prior to encounter, thereby enabling accurate targeting to the KBO.

LORRI® primary measurement objectives and key characteristics are summarized in Table . LORRI has
first successfully detected Pluto (on September 21, 20064at a distance of 28 AU), and itsresolution at Pluto will
start exceeding that available from the Hubble Space Telescope approximately 3 months prior to closest
approach. En route to Pluto, LORRI will obtain rotationdly resolved phase curves of Pluto and later Charon,
once thetwo can be separately resolved. LORRI will obtain panchromatic mapsover at least 10 Pluto rotations
during approach, with the find complete map of the sunlit hemisphae exceeding a resolution of 0.5 km/pixel.
LORRI will map small regionsnear Pluto terminaor with a resolution of ~50 m/pixel near thetime of closest
approach, depending on the closest approach distance selected. LORRI will also be heavily used for studies
requiring high geometrical fiddity, such as the determining the shapes of Pluto, Charon, Nix, and Hydra and
refining the orbits of al these objects relative to the system barycenter. LORRI observations at high phase
angles will provide a sensitive search for any particulate hazes in Pluto® atmosphee. Younget d. (2007)
provides a more detailed discussion of the scientific objectives addressed by LORRI obsrvations

3.6 SWAP

The Solar Wind AroundPluto (SWAP) ingrument is oneof two particle detection in situ ingruments aboad
New Horizons It is comprised of a retarding potential andyzer (RPA), a deflector (DFL), and an eectrodatic
andyzer (ESA). Collectively, these elements are used to select the angles and energies of solar wind ions
entering the ingrument. The selected ionsare directed througha thin foil into a coinddence detection system:
theionsthemselves are detected by one channd electron multiplier (CEM), and seconday electrons producd
fromthefoil are detected by another CEM. SWAP can measure solar wind particlesin the energy rangefrom 25
eV upto 7.5 keV with aresolution of &E/E <0.4. SWAP has a fan-shgped field of view tha extends >200%in
the XY -plane of the spacecraft by >10vput of tha plane (see Fig. 2). For typical observations SWAP measures
solar wind speed and density over a 64 sec measurement cycle. The prindpd measurement objectives and key
characteristics of SWAP are summarized in Table I. Further details on SWAP and its performance can befound
in McComas et al. (2007).

SWAP was designed to measure the interaction of the solar wind with Pluto, which addresses the Group 1
scientific objective of measuring Pluto's atmospheric escape rate. Additiondly, SWAP has a specific god of
characterizing the solar wind interaction with Pluto as a Group 2 objective. SWAP also addresses the Group 3
objectives of characterizing the energetic particle environment of Pluto and searching for magndic fields which
it does indirectly. For more details on SWAPG scientific objectives, see McComas et al. (2007)and Younget
a. (2009.

3.7 PEPSS|

The Pluto Energetic Particle Spetrometer Saence Investigaton (PEPSS) is the other in situ paticle
measurement indrument aboad New Horizons It is a compact, radiation-hardened particle ingrument
comprised of a time-of-flight (TOF) section feeding a solid-state silicon detector (SSD) array. Each SSD has 4
pixels, 2 dedicated to ions and 2 for electrons PEPSSIG field of view (FOV) is fan-like and measures 160%
12v.divided into six angular sectors of 25%x 12Yeach. lons entering the PEPSSI FOV geneate seconday
electrons as they pass through entrance and exit foils in the TOF section, providing GtartOand GtopOsignds
detected by a microchannd plate (MCP). Particle energy information, measured by the SSD, is combined with
TOF information to identify the particle® compostion. Each particle® direction is determined by the particular
25j sector in which it is detected. Event classification electronics deermineinadent mass and energy, with 12
channds of energy resolution. Protonscan be detected in the energy range40-1000keV, electronsin therange
25-500keV, and CNO ionsin therange150-1000keV. TOF-only measurements extend to <1 keV for protons
to 15 keV for CNO ions and to 30 keV for N,". TOF measurements are possible in the range 1-250 nsto an
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accuracy of +1 ns The geometrical factor for ions is dightly larger than 0.1 cm® sr. A typical measurement
indudes 8-point spectra for protonsand electronsand reduced resolution energy spectra for heavier ionsfor all
six look directions The mass resolution of PEPSSI varies with energy: for CNO ions it is <5 AMU for >1.7
keV/nudeon, and <2 AMU for >5 keV/nudeon. The principd measurement objectives and key ingrument
characteristics of PEPSS| are summarized in Table I. McNutt et a. (2007) provide a detailed discussion of
PEPSSI and its performance.

The PEPSS| designisderived from tha of the Energetic Particle Spectrometer (EPS), which isflyingon
the MESSENGER missionto Mercury. PEPSSI has thinne foils than EPS, which enables measurements down
to smaller energy ranges. PEPSSI also has adlightly increased geometric factor and draws less power than EPS.
Both EPS and PEPSSI trace back ther heritageto a NASA PIDDP program in the 1990sto develop a paticle
ingrument for use on aPluto flyby mission.

By measuring energetic pickup ionsfrom Pluto® atmosphere, PEPSSI provides information related to the
amospheic escape rate on Pluto, which is a New Horizons Group 1 scientific objective. PEPSSIG primary
role, however, isto address the Group 3 objective of characterizing the energetic paticle environment of Pluto.
Fluxes of energetic pickupionsmay be measured as far as several million kilometers from Pluto (see Bagend et
al. 1997) and PEPSS| obsrvations will be used to deermine the mass, energy spectra, and directiond
distributionsof these energdtic paticles (Bagend & McNutt 1989) Secondaily, PEPSSI will also provide low-
resolution, suppoting measurements of the solar wind flux, complementing SWAP. Young et a. (2007)
provides a more detailed discussion of PEPSSIG scientific objectives.

3.8VB-SDC

The Student Dug Counter (SDC), aso known as the Venetia Burney SDC in honor of the student who
named Pluto in 1930, is an impact dug detector tha will be used to map the spatiia and size distribution of
interplanetary dug along the trgjectory of the New Horizons spacecraft from the inng solar system to and
throughthe Kuipe Belt..

Unlike all of the other ingruments, the VB-SDC was not pat of the origind New Horizonsproposal and
was addal by NASA as an Eduction and Public Outreach (EPO) experiment. For thefirst time ever, students
were given the oppotunity to design, build, and opeaate an ingrument for an interplaneary mission. (NASA-
certified pesonnd peformed all qudity assurance ingections and supevised the find assembly.)
Approximately 20 undegraduge physcs and engineering students at the University of Colorado worked on the
VB-SDC and, despite getting a rather late start, thar ingrument was the first to be ddivered to the New
Horizonsspacecraft.

The VB-SDCQ@ sensors are thin, permanently polarized polyvinylidene fluoride (PVDF) plastic films that
generate an electrical signd when dug particles pendrate their surface. The SDC has a total sendtive surface
area of ~0.1 n?, comprised of 12 separate film paches, each 142 cm x 6.5 cm, mounied onto thetop surface of
a suppot pand. In addition, there are two reference sensor paches mounted on the backside of the detector
suppot pand, protected from any dug impeacts. These reference sensors, identical to thetop surface sensors, are
used to monitor the variousbackgroundnoise levels, from mechanical vibrationsor coamic ray hits.

The entire suppot pand is mountd on the exterior of the New Horizons spacecraft, outside the spacecraft
multi-layer insulating (MLI) blanket, facing theram (-Y) direction. The VB-SDC observationsare mos useful
during the cruise phases of the mission, when the spacecraft is spinning and the other ingruments are turned off.
Thruger firings during 3-axis opeaations generate large VB-SDC background signds, which make it very
difficult to detect true IDP impacts.

The VB-SDC was designed to resolve, to within a factor of ~2, the masses of interplanetary dug particles
(IDPs) in the range of 10" < m < 10 g, which correspondsroughly to a size rangeof 1 # 10" m in paticle
radius Bigge grains are also recorded, but their masses cannot be resolved. With the characteristic spacecraft
speed during cruise of ~13 km/s, current modds of the dust density in the solar system (Diving 1993)suggest
tha the VB-SDC should record approximately 1 IDP hit per week.

The prindpd measurement objectives and key ingrument characteristics of the VB-SDC are summarized in
Tablel. Horanyi et al. (2007) provide a detailed discussion of theVB-SDC and its performance.
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4. Science Payload Commissioning Overview

The New Horizonsingrument commissioning activities began shortly after the nomnd performance of the
spacecraft subsg/stems was verified; this was approximately 1 month after laundh. Over a period of about 8
months, each ingrument team developed a detailed set of science activity plans (SAPs) to characterize thein-
flight peformance and fundiondity, and to verify tha ther measurement objectives could be achieved.
Fundiond tests were executed first to demondrate tha critical engineering parameters (e.g., currents, voltages,
temperatures, etc.) fell within thar expected ranges. After nomind fundiond performance was verified, a series
of performance tests were executed for each ingrument. All of the commissioning tests discussed bdow took
place during calenda year 2006.A small subset of commissioning activities (about 10% of thetotal) remain to
be completed during and after the Jupiter encounter in early 2007

The ingruments completed their fundiond tests during Februay-March 2006 Thefirst observations of an
externd target are termed Qirst lightOobservations, and these were staggered throughoutthe May to September
2006 peiod for the various ingruments. Alice detected interplangary hydrogen Lyman-' and Lyman-(
emission during its first light observationson May 29. Alice then observed two UV cdlibration stars, ) Gruis
and * Leonis, on Augug 31. Owing to safety reasons the Alice SOCC door will not be opened until at least
March 2007, after the Jupiter encounier. RaphMVIC first light occurred during observations of its stellar
calibration targets (the M6 and M7 gdactic open clugers) throughits windowed door on May 10, and then
throughthe opened dooron May 28. Both Raph/MVIC and Ralph/LEISA observed the asteroid 2002JF56 in a
moving target tracking test during May 11-13. Ralph/LEISA madethe first observationsof its calibration star
(Procyon) on June29. LORRI first light occurred when it opened its aperture door on Augug 29 and observed
M7. LORRI obsrved M7 for an extendve set of calibration obsrvations on September 3, induding a
simultaneousobservation with MVIC to measure the relative alignments of those two ingruments. Both Ralph
and LORRI obsrved Jupiter on September 4 as test observationsin preparation for the Jupiter encouner in
Februay 2007. Ralph and LORRI also observed Uranus and Neptune in September for optical navigaion
testing. LORRI ob=erved Pluto during observationson September 21 and 23, and the Jovian irregular satellite
Himalia on Septembe 22, agan as pat of optical navigation testing. The first use of REX mode by the
telecommunications system took place on April 19. REX scanning obervations to measure the high gan
antenna(HGA) beam pattern were performed on June20. Two radio calibration sources (Cass A and TaurusA)
and Qold skyOwere obsrved on June 29 to measure the REX radiometry mode performance. All REX
calibration observations in 2006 were peformed on side-A; side-B calibration obsrvations were executed in
early Januay 2007.SWAPG doorwas opened on March 13, but thefirst solar wind observationsstarted in late-
September and continued through December. PEPSSI® door was opened on May 3, but its ability to measure
paticleswasfirst tested in June The VB-SDC attempted to take science datain early-March, but the spacecraft
was in 3-axis mode and the high VB-SDC background rate produed by the nearly continud thruster firings
made it essentially impossible to detect real dug paticle events. The VB-SDC had itsfirst real chance to detect
dug particles while the spacecraft was in QpassiveOspin mode (thrugter firingsstill occur during GactiveOspin
mode in April, buttherelatively low countrate expected requires that the ingrument bewell-calibrated and the
data carefully andyzed, Additiond VB-SDC data was then taken from Octobea through December 2006, while
the spacecraft remained in spin mode

5. In Flight Hibernation, Annual Checkouts, and Encounter Rehearsals

The New Horizonsmission is exceptiondly longin duration, with the primary mission objective not beng
completed until nearly 10 years after launch. Activities during the mission are generaly either front-end or
back-end loaded, with thefirst 14 months bugy with ingrument commissioning and the Jupiter encounter, and
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the last year of the mission devoted to intendve observationsof the Pluto system. For mog of the time during
the 8 years beween the encounter phases (2007-2014, indudve), the spacecraft will be placed into a
hibernationOmode with al nonessential subsystems, induding the scientific payload, powered off. This
preserves component life.

During the hibernaion period, beacon radio tones are sent periodically from the spacecraft to the Earth that
allow flight controllers to verify the basic hedth and safety of the spacecraft. Additiondly, monthly telemetry
passes are scheduled to collect engineering trend data.

Althoughthe spacecraft is kept in hibernation to reduce component use prior to the Pluto-system encountr,
it is aso important to verify periodically the performance of the spacecraft subsystems and ingruments, and to
keep the mission opeations team well trained and prepared for the Pluto encountr activities. Therefore, the
spacecraft will be broughtout of hibernation each year for roughly 60 days, called Ginnud checkoutsO(ACOs),
during which time the performance of the spacecraft subg/stems and ingruments can be verified. Geneally, the
ACO indrument activities are comprised of a subst of the commissioning activities tha focus on the
ingrument@ peaformance (e.g., stellar cdibration observationg. ACOs are also the oppotunity for annud
cruise science observationsto be collected, such as interplanetary charged particle measurements, studies of the
hydrogen distributionin theinterplanetary medium, and extensve phase curve studies of Pluto, Charon, Uranus
Neptune Centaurs, and KBOs, noneof which can be obtained from spacecraft near Earth.

In addition, two full rehearsals of the Pluto encounter will be conduded, during the summers of 2012 and
2014, respectively, tha will serve both to verify that the Pluto encounter sequence will work and to provide
essential training for the mission opeaationsteam in preparation for the actua encountr.

6. Current Status of the Science Payload

All seven of the ingruments comprising the New Horizonsscience payload have essentially completed ther
in-flight commissioning activities, with only a few tests remaining to be executed. In al cases, the in-flight
performance verifies tha the science payload can meet its measurement objectives, thereby accomplishing all of
the scientific objectives of the New Horizonsmission.

The Ralph ingrument was used to observe asteroid 2002 JF56 during a serendipitous flyby at a closest
approach distance of 200000km on 2006June 13 (Olkin et a. 2006), which verified the spacecraft® ability to
track reliably a fast-moving target. The SWAP, PEPSSI, and VB-SDC ingruments also began taking scientific
data, in addition to commissioning data, during 2006.

All of the ingruments will paticipae in the upcoming encounier with Jupiter (with closest approach on
2007 February 28), which will be consderably more ambitiousthan any of the activities executed to date. In
fact, the Jupiter encounter will likely have approximately doubke the number of observations and doubk the
data volume, compared to wha is currently plannal for the Pluto encounter in 2015. Mog importantly,
however, the Jupiter encounter provides an invauable and uniqueoppotunity to test the mission® capabilities.
Even if some of the obsrvationstaken in the Jovian system fail, the lessonslearned from that encounter will
undoubédly improve the progects for a successful Pluto system encounter in 2015, which is the mog
important activity of the New Horizonsmission.

Acknowledgments

We thank al of the New Horizons Ingrument Teams for ther extraordinary efforts in designing,
developing, testing, and ddivering a highly capable science payload that promises to revolutionize our
undestanding of the Pluto system and the Kuiper bdt. We also thank the numerous contractors who partnered
with the Ingrument Teams for thar outstanding work and dedication. Partial finandal suppot for thiswork was
provided by NASA contract NAS5-97271to the JohnsHopkins University Applied Physcs Laboratory.

1€



References
Cheng, A.F. et d. 2007 Long RangeReconnassance Imager on New Horizons Spae Sa. Rev., thisvolume.

Diving N. 1993.Five populationsof interplanetary meteoroids. J. Geophys. Res., 98, 1702917051.

Grundy,W.M., Schmitt, B., and Quirico, E. 1993 Thetemperature dependent spectra of alphaand beta nitrogen
ice with applicationto Triton. lcarus105,254-258

Grundy,W.M., Buie, M.W., Stansbery, JA., Spencer, JR., and Schmitt, B. 1999. Near-infrared spectra of icy
outer solar system surfaces. Remote determination of H,O ice temperatures. Icarus142,536-549

Horanyi, M. et a. 2007 The Student Dus Countr onthe New Horizonsmission. Spae Sa. Rev., this volume.

McComas, D. et a. 2007.The Solar Wind AroundPluto (SWAP) ingrument aboard New Horizons Space Sa.
Rev., thisvolume.

McNutt, R. E. et al. 2007 The Pluto Energdtic Particle Spectrometer Science Investigation (PEPSSI) on New
Horizons Spae Sa. Rev., this volume.

Olkin, C.B., Reuter, D., Lundord, A., Binzel, R. P., and Stern, S. A. 2006.The New Horizonsdistant flyby of
asteroid 2002JF56. DPS Meeting #38 abdract #59.22.

Quirico, E. and Schmitt, B. 1997 A spectroscopic study of CO diluted in N, ice: Applicationsfor Triton and
Pluto. Icarus128,181-188.

Reuter, D. et al. 2007 Ralph: A visble/infrared imager for the New Horizons mission. Spa@ Sd. Rev., this
volume.

Roges, G.D., Schwinge, M.R., Kaidy, J.T., Strikwerda T. E., Casini, R., Landi, A., Bettarini, R., and
Lorenzini, S. 2006 Autononous star tracker peformance, in Proc. The 57th IAC Congress, Vaenica,
Span.

Stern, S.A. 2007.The New HorizonsPluto Kuiper bdt Mission: An Overview with Historical Context. Spa@
Sa. Rev,, thisvolume.

Stern, SA. et al. 2007 Alice: Theultraviolet imaging spectrometer aboard the New HorizonsPluto-Kuiper bdt
mission. Spa@ Sda. Rev., this volume.

Tyler, L. et al. 2007.The Radio EXperiment (REX) on New Horizons Spae Sd. Rev., thisvolume.

Young,L.A., et a. 2007 New Horizons Anticipated scientific investigaionsat the Pluto system. Spae Sa.
Rev., thisvolume.

17



