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images. Then tell what other elements you think Psyche could be made of.
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Draw your own pattern in the Fe (Iron) and Ni (Nickel) superimposed (large)
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In the space, draw the Psyche spacecraft onits way to the Psgche7
asteroid as it passes by Mars for Its gravity assist.

~_0Orbit A: Characterization

e 56 Days (41 Orbits)
: ) Orbit B: Topography
_ X 80 Days (169 Orbits)
N ____ Orbit C: Gravity Science
y 4 “’v;u ”,f”ﬁ 100 Days (362 Orbits)
el T AR TR / "ﬁé
" | Orbit D: Elemental Mapping
| ,ﬁ-ﬂi~'f’”ﬁrr' 100 Days (684 Orbits)

LT Emee.] | EERSSSsmseel
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https://psyche.asu.edu/mission/launch/



&, ‘?s:’cke’s webkal-rich CQMFQSE,EEQM mMay
Provw&e clues on Ftav\e&o«'v Lormation,

Dr. Lindy Elkins-Tanton, et. al, suggests the occurrence of planetary formation from about > billion years ago
to the present time of the solar system. Itis believed that giant molecular clouds collapsed due to shock,
leading to the formation of protoplanetary disks. Ht about4.56/73 billion years, the first solids formed.
Emmanuel Swedenborg’s (1734) Principia Rerum Naturalium theorized that planets came from the Sun via
centrifugal expulsion. Itis also believed that planets formed from calcium aluminum inclusion.You can find
more information about Bullding Planets with Dr. Lindy ElIkins-Tanton’s talk visit:
https://youtu.be/B5x%qifnw_3q
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Hccretion of gas and dust into
planetesimals. The red section
1S molten.

Chondrules, Planetesimals Asteroids and
calcium-aluminum meteorites

o ' Iron core
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c@ . &
Q :' e
. catastrophic D %i Q
impacts \ 2 U <

inmelted, partially melted, melted,
primitive partially differentiated differentiated

Artiwork by Psyche Inspired Intern 2’
JOHN DOMENICO




9
Draw your own planet formation.
Feel free to look online for more

resources.




. Aside from meteorites, the Psyche asteroid may be the only other way to
directly observe material that may be similar in composition to a planetary

(ore.




8. 1t 1s hypothesized that Psyche may B
have been formed from a large impact |8

that stripped a protoplanet of its outer
crust' and mantle.

Artwork Y Psgolne lnsplrea ntern
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9. IfitLs not
a remunant
(Left-over)
core, the next
most LL|Q6L5
thing Psyche
could be Ls
something
tota LLg
unexpectea
that
sclentlsts
cu.rrewtl,g
don't have an
analog

for.




Draw what .you think Psyche
could look Like
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Image Credit: Maxar




January 24, 2026 23:.9: 5

= Thrusting (8C-90%)

Figure 4: Psyche Approach Trajectory as seen in Psyche Frame of Reference :?;m.:_nh ~

Note: looking down perpendicular to the orbit plane, roughly from the north ecliptic pole, Sun is to ‘@ Solar conjunction
the left. Dashed line indicates coast periods. Figure 1: Psyche Cruise Mission Summary




15.The Psyche spacecraft will carry a multispectral imager, a gamma ray and
neutron spectrometer, and a magnetometer, and will conduct radio science.
Psyche Multispectral Imager Filter Wheel

Psyche Spacecraft: High Gain Antenna Image Credit: Arizona State University/Malin Space
Image Credit: Maxar Science Systems/Motiv
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Psyche Spacecraft: Main Body

Image Credit: Maxar
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Morgan Burks & Garry Mcleod,
Lawrence Livermore National Labs
(LLNL)
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16.The Psyche spacecraft will test a new communication technology, Deep
Space Optical Communication (DS0C), that allows the spacecraft to
communicate more datain a given amount of ime through the use of lasers.

Psyche Spacecraft
Image Credt: Magar

Planets and Psyche Image Credit: NASH

Write why you think itis helpful to be able to communicate more data between a spacecraftl
and the tarth.

NTips.//gameon.nasa.gov/archived-projecis-Z/deep-space-optucal-communications-adasoc/
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Figure 8. Integrated test set-up with the XFC placed: a) outside the chamber; b) inside the chamber.

| O 2-D Simulation ° | Experimént

| — Analytlcal Model @ e .............. .............. O 2-D Simulation

| — Analytical Model, o=1
_ Analytical Model, a=1/5 | ............... .............. ..............
— Analytical Model, a=1/10 é

-------------------------------------------------
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O
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Thrust, T (mN)
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DO
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®)
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Pressure (Torr Xe) Pressure (Torr Xe)

F1g 4. Comparison of the 2-D numerical simulation predictions with three ditferent solutions of Fig 5. Comparison between Hall2De simulations, measurements and solutions of the analytical;
the analytical model for the thrust (Eq. (13)). For all three solutions o=1. thrust model (Eq. (13)) for different values of the coefficient c.

MIKELLIDES, I. ET AL. 2019. MIKELLIDES, I. ET AL. 2019.
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Figure 27. Scope trace of the keeper turning on when the
discharge current S.4A
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Figure 26. Scope trace of the Ignition at 3.0kW
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Figure 26. Scope trace of the keeper turning off when the
discharge current is 6.2A
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Yellow (CH1): PFCV current
Blue (CH2): Anode voltage
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Green (CH4): Ignitor voltage
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MALONE, S. ET AL. 2019.
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Figure 28. Thruster perturbation case and PFCV control loop
response

O
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Figure 27. Scope trace of the Ignition at 900W
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LENGUITO, G. ET Al. 2019.

Total Flow vs C:A Percent, Ambient Temperature

— XONON

- = Argon
converted to
Xenon

nominal

10 15 20 25
Total Flow Rate (mg/s)

Figure 4. XFC Development Test Flow Results —
Ambient Temperature

Total Flow vs C:A Percent, 50C Temperature Total Flow vs C:A Percent, -10C Temperature

— N ENON

— e i - . -
Argon = = Argon

converted to converted to

xenon Xenon

nominal e OMINAl

10 15 20 25 0 B 10 15 20 25
Total Flow Rate (mg/s) Total Flow Rate (mg/s)

Figure S. XFC Development Test Flow Results — Figure 6. XFC Development Test Flow Results —
Hot Temperature Cold Temperature

LENGUITO, G. ET Al. 2019.



Anode Current
Threshold

Keeper Current
Threshold

Figure 25. lllustration of anode/keeper current race condition showing successful (a) and failed (b) keeper

operation

Anode Current Shoots
to Maximum (droops

Anode Voltage), PFCV Anode Current

/ Closes Climbs, PFCV Closes
lgnition Pulses,

PFCV at Startup /
Current Anode Current Drops,
PFCV goes wide open

| Yellow 1{-CH1}: PFCV current ’
1' Blue [CHZ]Z\AHDdE voltage |
" Purple (CH1}: Anode current
| - Green (CH4]): Ignitor mltagrl

Y '
_____N.u.‘.'l.ll..,.!- 1 - Al &.ﬁ..—la.-l..l_l.___._..._ R o | LBl gl

Figure 17. Example of overly responsive PFCV controller

The high gain of the PFCV control loop causes PFCV current to
switch rapidly between 140 mA and () mA as the anode current
transitions above or below its setpoint of 10A.

MALONE, S. ET AL. 2019.

IGN ON
held high

LB

Anode Current
Threshold

Keeper Current
Threshold

s’
’

IGN_ON set
low (ignored)

(a)

— —

Open Loop
Control

MALONE, S. ET AL. 2019.

MALONE, S. ET AL. 2019.

- - . - - . . . -

IGN_ON setlow
(1ignitor off)

(b)

Closed Loop
Control

B L e e o - 3 ¥ a4

. Yellow (CH1): PFCV_current
Green (CH4): THRUST CONTROL

1 '-I.-l'.-
LUk pOINg

Yellow (CH1): PFCV_current
Green (CH4): THRUST ISET

Purple (CH3): THRUST CONTROL

10k points 1.61% b

Figure 16. THRUST ISET pulse (3-5V @ 10 Hz)

MALONE, S. ET AL. 2019.

Yellow (CH1): PFCV current
Blue (CH2): Anode voltage
Purple (CH3): Anode current
Green (CH4): Ignitor voltage ]

Figure 21. Successful system start up with slowed PFKFCV
controller and no filter on PFCV output

Noise on PFCV controller still causes significant fluctuation in
anode current but startup is successful

— L T e = _-—_ha—uh-'ri.hl-i L8 - e = il ey o e = o i iy il - e e - s = 4

0 N O P P ) B LI WAy g ¢

J "

Yellow (CH1): PFCV current
Blue (CH2): Anode voltage
Purple (CH3): Anode current
Green (CH4): Ignitor voltage

5. 00579

& =il .
100K point

Figure 22. Successful system startup with slowed PFCV
controller and 330 mH filter on PFCYV output

Noise on PFCV controller is significantly reduced, resulting in
much tighter and faster control of anode current during successful
startup.




MALONE, S. ET AL. 2019.

PPU =Power Processing Unit
HTR = Cathode Heater
Discharge = Anode Currert
PFCV = Proportional Flow
ConmtrolVake

S.U. = Start-up Mode

Cmd = Command fromS/C
S/C = Spacecraft

Figure 10. PPU-140DS control logic flow chart.

Ignitor = OFF*
Heater = OFF

PRV = Operate

FPower fromSPT
and PPU

MALONE, S. ET AL. 2019.

Lock-Out HTR,
lgnitor, PFCV;
Closa Valves

“OF" Will Override
Operation at al Tmes

SPT "SET” Commands
will Qperate & al times

PPU Logic

Upgrade

Feedback Circuit

THRUST_CONTROL
THRUSTER

l Simulator - Simulator . l '

Figure 12. CAFC tray test setup

MALONE, S. ET AL. 2019.

HI LO THRUST CMD
3 -5 ms PULSES
10 - 60 Mz
IGNITOR_ON

CURRENT VOLTAGE OK
MODE

PWM KEEPER VOLTAGE TLM

FILTER

Figure 9. Ignitor supply block diagram.
Functionality which was modified to provide “keeper mode” is highlighted

MALONE, S. ET AL. 2019.




22 Hysterisis _ Ignition Pulse Typical | Minimum | Maximum Ignition Pulse Typical | Minimum | Maximum
Upper Boundary -
_. 20 - // B . Pulse Repetition Rate 10 Hz 9 Hz 20 Hz Pulse Repetition Rate 10 Hz 9 Hz 20 Hz
“:= S mg/s /A 'r’ | ma/s
A i 7 7 P £ Gain = -0.005 —— Pulse Width 4 msec 3 msec 5 msec Pulse Width 4 msec 3 msec 5 msec
> o @ 3kOhm Load 320V 290V 350V @ 3kOhm Load 320V 290V 350V
: F ememesese 4 4 --r 1
§ . 4 - > 10 ]
o — —-3 sigma o - With Open Load 370V With Open Load 370V
o / o
/ Hysterisis g Sustaining Pulse Typical Minimum | Maximum Keeper Mode Typical Minimum | Maximum
,,./ /" Lower Boundary — 1
0 ! ~ Pulse Repetition Rate 10 Hz 9 Hz 20 Hz @ 17.4 Ohm Load 1.2A 1A 1.5A
9( 100 110 120 130 140 C ] 3 - . _ 1
o | Pulse Width 4 msec 3 msec 5 msec With Open Load 14A
PFCV current [mA| 11 current
@ 5.26 Ohm Load 5A 4A 8A
(a) (b) - -
With Open Load 14A Ignitor Mode Ign:;ﬂ;:er:;:ﬁ;;:mn Keeper Mode
Figure 6. Comparison of PFCV (a) and Thermothrottle (b) Flow Rate vs. Current at 40 psia % | L | <
PFCV is nearly 300x more responsive to current than the thermothrottle. Note also that thermothrottle has a 4 H—————~ = = = =  #T\"""""~~""-- :
limited flow control range of about 2:1 0w : \ / —
—» |4— untill>1.5A
Ignition Pulse (load = 3K) Ignition and : Ignition Pulse 22D Ve =
Sustaining ! (load = 3K) (load = 5.26)
(NO IGNITION) : (NO IGNITION) 21.5V typ
| (load = 17.4)
30V typ | | '/
(load = 5.26) ——— I
4 +1 msec — e 4 +1 msec E - 4 +1 msec -
. o
——t — e -
0.1 sec typical 0.1 sec typical
s PFCV_DRIVE_OUT# (a) (b)

P Figure 8. Ignitor/Keeper performance requirements for (a) high power and (b) low power mode

PFCV Current Source — Power Stage and Control -V_VALVE_BLEED#® In low power mode, the ignitor supply post-ignition sustaining pulse transitions to “keeper mode” to provide
continuous power to the cathode.

PFCV | TLM »
>
. .
~-THRUST CONTROL > HTR ON CMD-o
iGNITOR_ON-»
-THRUST _|I_SET > Thrust Control Setting 3 Anode_ | > |_THRESHOLD
) Timing - MAG | FAULT
e - IG_FAULT IND-+»
ANODE_ON_IND»
-
¢ oV Regulator PPU _ON_IND-»
Cmd_Valve ON i
PFCV VALV DRV ENA STATUS»
-PPU_ENABLE >
Valve Control VALVE DRV CMD-»
-PPU_SHUTDOWN >
FLOAT ENABLE-»
>
12.5V _C
15V C @
28V

Figure 7. CAFC control and flow control functionality block diagram
Updated blocks are highlighted, along with new or significantly changed signals

A2, A4 A8 Zero Voltage
Switching

Figure 4. PPU-140DS exploded view.
I'rays updated for the PPU-140DS are highlighted.
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Ficure 2. Functional Block Diagram of the ZVS Anode Converter
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Fig. 13. Erosion rates at the inner and outer rings predicted at vacuum from the original simulation (LIF-

ORTEGA, A. ET AlL. 2019.

MALONE, S. ET AL. 2019.
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Fig. 16. Thruster Erosion Simulations for Representative Mission Profile.
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Fig. 13. Measured Total Flow Rate at 4.5 kW Thruster
Discharge Power.
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250

200 Table 4. Mission Total Impulse Requirements.

Impulse
Required

MN-sec

Deterministic Cruise Through Capture to Orbit A 14.57

Cruise Momentum Management 0.1
Asteroid Proximity Operations 0.3

Mission Phase / Propellant Allocation

Thrust (mN)

372 hours
878 hours

o 9
o 9
A 10,366 hours

Spacecraft Initial Checkout/Commissioning 0.3

Margin — Missed Thrust 0.6'
Margin — Thruster Performance Uncertainties 0.7

Mission Total 16.5

" for baseline mission design at Project PDR.
" assumes all operation at 4.5 kW.

z
=
@
-
L
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3
Discharge Power (kW)

Fig. 14. Measured Thrust During Life Test Extension.
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Fig. 12. Measured Thrust at 4.5 kKW Thruster Discharge
Power.

SNYDER, J. S. ET AL. 2019.

Table 3. Measured Thrust at 0.9 kW Discharge Power for
Several SPT-140 Thrusters and Test Conditions.

Thruster  Facility Background Measured
Thruster Age, Pressure, Thrust,
hours Torr (Xe mN

QMO002 ~790 ~1 3] £2

~9,400 58+5
QMO01 ~9,900 ~10 SeER ‘ o Acceptance Test (FM029-FM032) ; . o Acceptance Test (FM029-FM032)
10.400 : : o inning of Mission, Current Best Estimate ; .. o Beginning of Mission, Current Best Estimate
ANy 33 £ : : A End of Mission, Current Best Estimate, ; . A End of Mission, Current Best Estimate,

Assuming Aging (see text) : g Assuming Aging (see text)
Psyche FM029 58+5 - - - : - . . . | .

Psyche FM0O30 40 60+ 5 o 1 2 3 4 5 86 o 1 2 3 4 5 6
Psyche FM031 38 + 5 PPU Input Power with 8% JPL Margin (kW) PPU Input Power with 8% JPL Margin (kW)

Thrust (N)
Propellant Flow Rate (kg/s)

Psyche FM032 57+5 a) Thrust Curve. b) Propellant Flow Rate Curve.

Fig. 11. Current-Best-Estimate Throttle Curves for Mission Design.

SNYDER, J. S. ET AL. 2019. SNYDER, J. S. ET AL. 2019.

Table 2. Cathode Performance Characterization Data for 0.9 kW
Discharge Power.

Measured Value In-Family

Parameter Psyche Psyche Psyche Psyche RAge Dased

FM029 FMO030 FMO031 FMO032 on Pre'}flous
— 0 Testms

Cathode-to-Ground 292 285 227.3 228.9 24 to -32
Voltage, V

Cathode Keeper

Voltage, V 178 183 165 173 20 to 27

Discharge Current

0.3 0.3 0.3 0.3 0.06to 1.6

Oscillations, A RMS SNYDER' J. s. ET Al. 20',.
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ig. 6. Psyche Xenon Flow Controller Schematic.
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Fig. 4. Electric Propulsion System Pneumatic Diagram.
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Fig. 2. Thruster Throughput for Baseline Trajectory at
Project PDR.

Table 1. Xenon Propellant Budget at Project PDR.

Propellant
Hiage Category Allocla)tion kg
Deterministic Cruise 885.0

Cruise Momentum Management 5.0
Capture to Orbit A 6.4

Orbit Transfer: Ato B 2.4

Orbit Transfer: B to C 1.8
Orbit Transfer: Cto D 15.8

Orbit Maintenance 2.5
Non-Usable Propellant (residuals, leakage, fill

60V - 105V

- -
iiiii

Power Control Unit

--------

Discharge Regulated 100V
SOLAR ARRAY i SADA e—;—n Shunts Converter To PPUs

error, thruster startup/shutdown, initial checkout) 38.9 (Boost Converter)

Margin: Missed Thrust 354  Bea 0000

e e S Lty 36.8 Figure 21: Discharge converters from Maxar’s GEO heritage PCU boost
Total 1030.0 kg Solar Array Voltage and Create 100 V Regulated Power for the PPU

SNYDER, J. S. ET AL. 2019. OH, D. ET AlL. 2019.
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Rationale
Allows for a single hardware failure without impacting

Requirement

Tank capacity

Minimum propellant load 12.5kg

05N-m
<32mN-sec | Allows for dead-banding and precise momentum management
Table 8: Overview of Psyche Cold Gas Subsystem Requirements

OH, D. ET AL. 2019. oo5—

0 Flow Rate

mission
Allows for multiple 3-sigma contingency scenarios if fully
loaded. Final decision on loaded mass 1s not required until

late 1n the build.
Budget for propulsive maneuvers not feasible via Hall

Thrusters, hold-up, leakage
Allows for contingency mitigation under required durations
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Figure 16. Example of SPT-140 Throttle Curves Used for Trajectory Analysis Trade Studies.
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Bus Power Margin
Xenon Propellant Mass Margin
Electric Propulsion Power Margin

PDR CDR SIR Launch
March 2019 | April 2020 Dec 2020 August 2022

Bus Dry Mass Margin

Table 6: Lifecyle Requirements for Mass and Power Margin

Array BOL to EOL Degradatic

EP System Margin

Max Possible Xenon Mass

Max Possible SEP Power

I

Cold Gas Prop Margin
Cold Gas Prop CBE

Dry Mass Margin

S/C Dry Mass CBE

Figure 10: Power and Mass Margins for the Bus and Electric Propulsion System

Nominal Thrust Duty Cycle
Up to 80% duty cvycle between Earth and Mars

Up to 85% duty cycle between Mars and Psyche
Up to 50% duty cycle during Psyche Approach and Orbital Operations

Off-Nominal Missed Thrust Accommodation
Tolerate 16 days of missed thrust per year

Tolerate 10 day missed thrust outage at any time

Tolerate 22 day missed thrust outage during solar conjunctions

SSEN YouneT 8|qissod Xep

Bus Power Margin

S/C Bus Power CBE

Solar Array Beginning of Life (BOL) Power
SSEJ\ [eANaN 2|qISS0d XeW

Max Possible Bus Power
Max Possible Dry Mass

Table 5: Requirements for Trajectory Robustness

OH, D. ET AL. 2019.

Figure 9: Polar View of Reference Transfer to Orbit D

Gamma-Ray
Spectrometer

Neutron
Spectrometer

X-Band High
Gain Antenna

OH, D. ET AlL. 2019.

OH, D. ET AL. 2019.
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Figure 11: Psyche Spacecraft Overview

Solar Array
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Figure 4. The elemental compositions of silicates that may be detected on Psyche can be used via GRNS data to constrain
formation models for Psyche. Pyroxenes and olivines dominating a region are assumed to be cumulate material from
solidification of a planetesimal magma ocean. Theretfore, they would likely be from Psyche's parent body’s mantle and,
thus, indicate that Psyche is the remnants of a differentiated planetesimal. Extensive achondritic material would be
assumed to be the bulk silicate mantle or lid from Psyche's parent body, fallen back during stripping impacts, and also
therefore indicate that Psyche is the remnants of a differentiated planetesimal. Chondritic material lying atop metal,

in contrast, would likely be accreted by later impacts and therefore would not be indicative of Psyche's formation process.
The grey bands block compositions below the detection limit of Psyche instruments. Chondrite and achondrite
compositional data from Jarosewich (1990); pyroxene and olivine from pallasites and IIE irons from Mittlefehldt et al.
(1998); orthopyroxenes from Steinbach meteorite from Scott et al. (1996). In addition to the natural materials, the olivine
cumulate date in the Si versus Fe figure also includes compositions of modeled olivines each calculated as the
first-solidifying phase with Fe-Mg Kp, of 0.32 from a hypothetical bulk silicate magma ocean composed of the total oxides

of a chondrite measured by Jarosewich (1990).
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One image

Fig. 6 Orbit C imaging provides complete coverage in 49 orbits.
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Figure 3. Interpretation of the bulk density of Psyche as a mixture of iron-nickel metal, a nonmetal component, and

pcri*{;sity implies that Psyche’'s metal content may be bt:ix:fccn ~30 and 55 vol%. The bulk density used is 3,780 + 340 kg

m °, the density of metal that of kamacite (7,870 kg m 7), and the density of the nonmetal varied from 2,800 to 4,800 kg

m > (see text). Each solid line shows the possible makeup using a different nonmetal density, and the dashed and

dotted lines show how the results change when using the 1o and 2c limits of the bulk density. The yellow oval marks

regions where nonmetals total 10% of the solid, as suggested by remote sensing (see text). At point A, Psyche consists solely

| of 48% metal and 52% pore space. At the 2o of our density estimate, point B reaches 57% metal and 43% pore space.

/ Point C represents another end-member possibility, where there is no porosity in Psyche, and metal combined with
enstatite at 3,200 kg m~° implies a maximum of ~13% metal by volume. The addition of 20% porosity increases the

| abundance of iron metal from 13% to 27% (point D).
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One orbit of imaging

Spacecraft
attitude profile
during a typical
orbit

S/C not to scale

Fig. 2 Attitude strategy for a single orbit.
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Four orbits of imaging

Fig. 3. Orbit A imaging provides complete coverage in four orbits (six days).

One image

POLANSKEY, C. ET AL. 2018.

ne image One orbit of imaging 1 day of imaging

Fig. 7 Orbit D imaging provides high resolution coverage near the equator.

One orbit of imaging

POLANSKEY, C. ET Al. 2018.

17 orbits of imaging

Fig. 4 Orbit B imaging provides complete coverage in 17 orbits.
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