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Dawn is the first NASA science mission to use ion propulsion and it will use this system to
provide all of the required post-launch ∆V. The mission is designed to rendezvous with and
go into orbit about the two heaviest main-belt asteroids Vesta and Ceres.
All of the
component development, fabrication, and testing was complete by the summer of 2006.
Since then the Project has been performing system level tests that have thoroughly tested the
ion propulsion system with the Dawn spacecraft. The full 425 kg of xenon required for the
mission was loaded on the spacecraft in June 2007. The launch period for Dawn is now
scheduled for September 26, 2007 through October 15, 2007.
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Introduction
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Reaction Control System
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Thruster-Gimbal Assembly
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Visual and Infrared (mapping spectrometer)
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D

awn is the ninth project in NASA’s Discovery Program. The Dawn spacecraft is being developed to enable the
scientific investigation of the two heaviest main-belt asteroids, (4) Vesta and (1) Ceres [1,2]. To accomplish
this investigation the spacecraft will rendezvous with and go into orbit about each of these asteroids. Dawn will be
the first mission to orbit two different extraterrestrial (and nonsolar) bodies, and the first to orbit a main-belt
asteroid. The mission is enabled by Dawn’s ion propulsion system which provides all of the post-launch ∆V
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including the heliocentric transfer to Vesta, orbit capture at Vesta, transfer to the Vesta science orbits, departure and
escape from Vesta, heliocentric transfer to Ceres, orbit capture at Ceres, and transfer to the Ceres science orbits.
The ion propulsion system provides a total ∆V of nearly 11 km/s to the spacecraft which has an initial wet mass of
approximately 1219 kg. The spacecraft configuration is shown in Fig. 1.
Chris Russell from the University of California, Los Angles, has overall responsibility for the Project. He has
assigned project management to the Jet Propulsion Laboratory (JPL) which includes the spacecraft and science
payload development, safety and mission assurance, project systems engineering, mission design and navigation
development, mission operations system development, and mission operations. JPL has contracted with Orbital
Sciences Corporation (Orbital) for the development of the spacecraft bus integrated with the science instruments.
Orbital is responsible for the development and assembly of the flight system, system-level tests, and launch
operations. JPL is providing to Orbital the ion propulsion system, as well as major elements of the spacecraft power
and telecommunications systems. There are three science instruments on the Dawn spacecraft: the Gamma Ray and
Neutron Detector (GRaND); the Visible and Infrared (VIR) mapping spectrometer; and the Framing Camera (FC).
GRaND is being provided by Los Alamos National Laboratory. VIR is being provided by the Italian Space Agency,
and the framing camera is being provided by Germany.
The step 2 proposal for Dawn was submitted in the summer of 2001 with a targeted launch date of August 2005.
NASA selected Dawn for flight implementation in December 2001 with a Project start date of October 2002 and a
launch data in June 2006. Cost and technical issues caused NASA to order the Project to stand-down in October
2005 while it conducted a review of the Projects’ status. The independent assessment team tasked with this review
strongly recommended to NASA that that Project be completed and the stand-down was subsequently lifted in
March 2006, with a new launch date of June 20, 2007. The spacecraft was ready for the June 20, 2007 launch, but
delays associated with the launch vehicle and the launch pad pushed the launch date to July 7, 2007. Problems with
the availability of down-range tracking assets and conflicts with the Phoenix launch shifted the launch date to late
September. The current launch period for Dawn is now scheduled to open on September 26, 2007 and close on
October 15, 2007.
This paper describes the testing of the Dawn Ion Propulsion System (IPS) on the spacecraft from the start of
spacecraft assembly through final launch preparations. Earlier papers described the development of the IPS
components and system design [3-6]. A simplified block diagram of the IPS is given in Fig. 2. The system includes
three 30-cm diameter xenon ion thrusters, two Power Processor Units (PPUs), two Digital Control & Interface Units
(DCIUs), a xenon feed system (XFS), and three 2-axis thruster-gimbal assemblies (TGAs) – one for each ion
thruster. The XFS includes a new light-weight xenon tank designed to store 425 kg of xenon, two plenum tanks, a
xenon control assembly (XCA), a high-pressure subassembly that isolates the xenon tank from the rest of the feed
system, nine service valves, and all the interconnecting tubing. The two PPUs are cross strapped to the three ion
thrusters in such a way that PPU-A can operate either Flight Thruster-1 (FT1) or Flight Thruster-3 (FT3), and PPUB can operate either Flight Thruster-2 (FT2) or Flight Thruster-3 (FT3) as indicated in Fig. 2. The high-voltage
harnesses are indicated by the red lines in this figure. Since FT3 can be operated by either PPU it is referred to as
the “shared” thruster. Each PPU includes a bank of high-voltage relays that switch the power supply outputs
between the two thrusters. Each PPU is controlled by a dedicated DCIU, i.e., DCIU-A controls PPU-A only, and
DCIU-B controls PPU-B only. Each DCIU, however, can control all the valves in the xenon feed system and all of
the actuators in the three TGAs. The Dawn IPS operates only one ion thruster at a time.

II.

IPS Component Delivery

Fabrication and component testing of all of the IPS components was completed by June 2006. The paragraphs
below briefly summarize the delivery of each of the major IPS components.
A. Ion Thrusters
The ion thruster vendor, L3 Communications ETI, completed fabrication of all three flight thrusters (serial
numbers FT001, FT002, and FT003) in the spring of 2005. Acceptance testing of FT001 and FT003 was completed
by the summer of 2005 and the thrusters were subsequently stored in a dry-nitrogen atmosphere until their delivery
to JPL later that fall. Thruster FT002 was the last thruster to complete acceptance testing. It was then kept in the
vacuum chamber so that it could be used for integration testing with each flight PPU. All three flight thrusters were
delivered to JPL by November 2005. The thrusters were stored at JPL in dry-nitrogen until their delivery to Orbital
for integration on the spacecraft.
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There are three thruster locations on the Dawn spacecraft. The one on the -X side of the spacecraft was
designated location FT1, the one on the +X side was location FT2, and one in the center FT3. The three flight
thrusters were assigned these slots based on their acceptance test characteristics. Thruster FT001 was assigned to
the –X side, FT002 the +X side, and FT003 the center. It was just a coincidence that in all three cases the thruster
serial numbers matched up with the thruster location numbers (with FT001 going in the FT1 position, FT002 in the
FT2 position, and FT003 in the FT3 position). Thruster FT003 was delivered to Orbital in August 2006 and was
integrated in the center position on the spacecraft in September 2006. Thrusters FT001 and FT002 were delivered to
Orbital in October 2006 and were integrated in the –X and +X locations on the spacecraft, respectively, in
November 2006. A photograph of FT002 during its installation on the spacecraft is given in Fig. 3. All three ion
thrusters were on the spacecraft for all of the system level tests described below. The service life capability of the
ion thrusters is described Ref. [7].
B. PPUs
L3 Communications ETI also fabricated the two Dawn flight PPUs (serial numbers PPU101 and PPU102).
Acceptance testing of PPU102 was completed in August 2005. At the end of August this PPU was integrated with
flight thruster FT002 and successfully operated the thruster over its full throttle range. PPU102 was delivered to
Orbital in September 2005 and was mechanically integrated with the spacecraft in October of that year. The second
PPU (PPU101) had several fabrication issues as described in Ref. [6] which caused it to be reworked and retested
three times. The final rework of PPU101 was completed in October 2005 and it was successfully tested FT2. This
PPU was in the middle of its third thermal-vacuum re-test when the test was suspended because of the Project standdown. PPU101 was delivered to JPL in November 2005. After the Project stand-down was lifted in March 2006,
PPU102 was demated from the spacecraft and returned to JPL. Both PPUs were then subjected to 500-hr in-vacuum
run-in tests. These tests were designed to build confidence in the flight worthiness of the PPUs. The first part of
PPU101’s run-in test was used to complete the thermal-vacuum acceptance re-test which had been suspended eight
months earlier at L3 Communications. Both PPUs completed their run-in tests flawlessly, were delivered to Orbital
by the end of June 2006, and were integrated with the spacecraft in July.
C. DCIUs
The DCIUs (serial numbers DCIU101 and DCIU102) were designed, fabricated and tested at JPL. Fabrication
and acceptance testing of both DCIUs was completed in March 2005, and both units were delivered to Orbital that
same month. The DCIUs were mechanically and electrically integrated with the spacecraft in August 2005. A test
error during the electrical integration of the DCIUs resulted in the potential overstress of the DC/DC converters in
the DCIUs which supply isolated 28-V power to the PPUs. After the Project stand-down was lifted both DCIU’s
were removed from the spacecraft and returned to JPL for rework. The DC/DC converters in both DCIUs were
replaced in April 2006 after which both DCIUs were re-acceptance tested. DCIU101 completed its repeat
acceptance testing with no issues. DCIU102, however, failed to operate properly at its protoflight cold temperature
of -35C. Extensive trouble shooting localized the problem to the 80C86 microprocessor on the central processing
unit (CPU) board in DCIU102. A new CPU board was fabricated, tested, and integrated with DCIU102. This unit
was then subjected to a third vibration test and a third thermal-vacuum test. It completed these tests with no
problems. Both DCIUs were subsequently delivered to Orbital in May 2006.
D. TGAs
The TGAs (serial number TGA003, TGA004, and TGA005) were designed, fabricated and tested at JPL.
Fabrication and acceptance testing of all three units was completed by August 2005 and all three TGAs were
delivered to Orbital in September 2005. The two outboard TGAs were integrated with the spacecraft that same
month. The center TGA was stored at Orbital until its integration with FT003 and subsequent integration of the
FT/TGA assembly with the spacecraft in September 2006.
E. XFS
The main components of the XFS are the xenon tank, the xenon control assembly (XCA), two plenum tanks, and
the high-pressure subassembly. A total of nine service valves and all of the interconnecting tubing complete the
XFS. A schematic of the XFS is given in Fig. 8 of Ref. [4].
The XCA was designed, fabricated and tested by Moog. Fabrication and acceptance testing was completed by
September 2004 and the XCA was delivered to JPL in October 2004. The core spacecraft structure was also
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delivered to JPL in October 2004. From October through December the xenon feed system, with the exception of
the xenon tank was built up on the core spacecraft structure.
The xenon tank was designed, fabricated and tested by Carleton Technologies. Fabrication and acceptance
testing of the tank was completed by December 2004 and the tank was delivered to JPL in December 2005. The
tank was integrated with the core spacecraft structure in February 2005 at JPL. The core structure and XFS were
vacuum baked-out in February using a process that is designed to enable the XFS to meet the xenon point-of-use
purity required by the ion thruster cathodes. After this cleaning process the XFS was partially filled with a cover gas
of clean xenon. Xenon samples were subsequently taken from the XFS and verified the xenon purity. The core
spacecraft structure with the complete integrated xenon feed system was delivered to Orbital later that month.

III.

Assembly, Test & Launch Operations (ATLO)

Testing of the IPS on the spacecraft included aliveness tests, baseline functional tests (BFT), comprehensive
performance tests (CPT), and system-level tests. The system-level tests included EMI, spacecraft dynamics tests
(spin-balance, acoustics, vibration, shock), and thermal-vacuum tests. These tests, from the perspective of the IPS
are described below. The final major IPS activity was to load the xenon propellant and this is described below as
well.
A. First Comprehensive Performance Test (CPT)
The IPS CPT was designed to test all of the functionality of the propulsion system within the limits of the
spacecraft configuration. The first IPS CPT was performed in August 2006 at Orbital. At this time all of the IPS
hardware was on the spacecraft with the exception of the center TGA and all three ion thrusters. All of the
commands for the IPS go through the DCIUs, therefore the CPT was designed to verify that the DCIUs can properly
operate all of the IPS hardware. This functionality had been previously verified in the series of IPS integration tests
performed prior to the delivery of the flight hardware to ATLO [6], but the purpose of the CPT was to verify this
functionality on the spacecraft.
The first part of the CPT verified that each DCIU could correctly operate the XFS including the operation of all
of the XFS valves. However, since the XFS was carefully cleaned at JPL and filled with clean xenon operation of
many of the latch valves in the XCA would expose the feed system to air. Therefore, an XFS simulator was used in
place of the flight XFS. The XFS simulator simulates the behavior of the entire XFS including all of the pressure
and temperature transducers, and the operation of all of the latch valves and solenoid valves. The XFS simulator
was used successfully to wring out the flight system. The test identified four missing wires in the cross-strap
harness between the DCIUs. After rework of the flight harness between the two DCIUs, both DCIUs successfully
demonstrated the capability to operate the entire XFS.
The second part of the CPT verified the operation of each PPU as controlled by its corresponding DCIU (each
DCIU controls only one PPU). Since the ion thrusters were not installed on the spacecraft and the spacecraft was
not in vacuum, the PPUs were connected to resistive load banks. Operation of all the power supplies in each PPU
was verified and the PPUs were each operated over their full input power range. Throttling under control of the
DCIU flight software was demonstrated for both increasing and decreasing power. The operation of the grid clear
circuit was verified as was the operation of the relays which switch the PPU outputs to the shared thruster. Finally
demonstration of high-voltage recyling at full power was demonstrated. In this test a button is pushed which causes
a momentary actuation of a relay that physically shorts the outputs of the beam and accelerator power supplies
together. The PPU senses the resulting over current and “recycles” the high voltage supplies. That is, it turns off
the outputs of both the power supplies, sets the discharge power supply current to its cutback level, turns the high
voltage power supplies back on, and then ramps the discharge current back to it original value. This simulates the
expected grid-to-grid arcing that is part of normal thruster operation.
The third part of the CPT verified the operation of the two outboard TGAs. The CPT successfully demonstrated
operation of both TGAs over their full range of motion by both DCIUs (each DCIU can operate all of three of the
TGAs). The center ion thruster and TGA were installed on the spacecraft in September 2006. The final part of this
first CPT was completed in October with tests of the center TGA. Inclinometers were placed on a GSE support ring
attached to the gimbal. The TGA was operated over its full range of motion and the measured angular changes for
the TGA agreed well with that measured in the TGA acceptance tests and in the DCIU/TGA integration test
performed at JPL [6].
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B. Baseline Functional Tests (BFTs)
The BFTs were used to test system integrity and aliveness before and after major environmental tests. The IPS
BFT consisted of five parts. Each part was a stand-alone script that could be executed independently of the others.
The five parts are:
1. DCIU/PPU aliveness.
2. PPU operation into resistive load.
3. DCIU operation of the TGAs.
4. DCIU measurement of the XFS pressures.
5. DCIU operation of the XFS valves.
Part 1 of the IPS BFT simply turns on each DCIU and its corresponding PPU and verifies that the telemetry is
correct. Part 2 of the BFT operates each PPU into resistive load at 520 W, which is the minimum power throttle
level (ML0). If there is sufficient power available from the spacecraft this script will also operate the PPU at ML27
which is a PPU input power of 970 W. Part 3 verifies the operation of all three TGAs from both DCIUs. Each TGA
is moved from its launch position to its nominal flight position by DCIU-A and moved back to its launch position by
DCIU-B. In Part 4 the power to the XFS pressure transducers are turned on and the test verifies that all seven
pressure transducers and all 30 temperature sensors are correctly read by the DCIUs. A total of five IPS BFTs (parts
1 through 4) were performed with one each in October 2006, November 2006, December 2006; two in January
2007, and one in March 2007.
Part 5 of the IPS BFT was designed to only be used when the spacecraft was in vacuum (i.e., during the
spacecraft thermal-vacuum test). This test was designed to verify the OPEN and CLOSE operation of each latch
valve in the XFS by both DCIUs. It also verifies the operation of each solenoid valve in the XFS by both DCIUs.
This test was successfully performed in January 2007 during the spacecraft thermal-vacuum test.
C. System Level Tests
The major spacecraft system level environmental tests included EMI, dynamics, and thermal-vacuum tests. All
of the IPS flight hardware was on the spacecraft for these tests. The spacecraft dynamics testing included spin
balance, acoustics, vibration testing, and pyro-shock testing. The BFTs performed before and after these tests
indicated no impact to the IPS functionality from these tests as expected.
D. Spacecraft Thermal Vacuum Testing (TVAC) – Phase 1
The spacecraft thermal-vacuum test took place in the “Big Blue” vacuum chamber in building A59 at the Naval
Research Laboratory. The test activity was divided into two phases. Phase 1 took place from January 23, 2007
through February 8th, and Phase 2 took place from February 9th through February 18, 2007. The TVAC testing
verified that the spacecraft’s thermal control system adequately rejects the heat dissipated by the PPUs at full power.
It also demonstrated the end-to-end operation of each DCIU/XFS/PPU/thruster string in diode-mode, as well as
operation in thrust-mode for each of the two outboard ion thrusters. The thrust-mode operation demonstrated
compatibility of the IPS with the spacecraft over the full IPS throttle range. The TVAC activity also verified the
operation of all the valves in the xenon feed system and the leak-tight integrity of the upstream, low-pressure latch
valves (LV4, LV6, LV8, LV10, LV12, LV14, and LV16).
Test Configurations: Different IPS configurations were used for the two phases of TVAC. In the first Phase the
PPUs and outboard thrusters were connected to the resistive loads located outside the vacuum chamber, and the
outboard thrusters were connected to the external EGSE. In Phase 2 the IPS was connected fully in the flight
configuration. Prior to thruster operation in either phase the propellant lines downstream of the XCA were vacuum
baked-out and the cathode were conditioned using the standard cathode conditioning process used on DS1.
Three xenon cryopumps were added to the NRL vacuum chamber to increase the xenon pumping speed from
<10 kL/s to at least 100 kL/s using the technique described in Ref. [8]. The three added cryo sails provided a total
pumping speed on xenon of 100 kL/s. The xenon cryopumps were used throughout both TVAC phases.
In Phase 1 the IPS was configured to support the spacecraft thermal balance tests. For these tests it was required
that both the selected PPU and the corresponding thruster be operated in such a way that they dissipated the correct
amount of power for time periods as long as 24 hours. This was accomplished without actually firing the thruster by
operating it in diode-mode using EGSE positioned outside of the vacuum chamber and operating the PPU into a
resistive load bank. The EGSE consisted of the DS1 flight-spare PPU controlled by a Dawn engineering model
(EM) DCIU running the Dawn flight software.
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In Phase 2 the IPS was reconfigured to be fully in the flight configuration. In addition, two carbon foam beam
targets designed by Jay Polk of JPL and fabricated by Energy Sciences Laboratory in San Diego, CA were installed
in the vacuum chamber. The beam targets consisted of two carbon-foam panels that intercept the majority of the
ions in the thruster plume. Carbon-foam sheets were selected because of their very low ion sputter rate which
reduces the rate of back-flux to spacecraft. Flight thruster ion beam current density profiles were measured during
acceptance testing, and these current density profiles were mapped onto the beam targets as shown in Fig. 4. The
flat, angled beam target design exploits the preferential forward-scattering of target material sputtered from the
surface. Models of the ion current density, sputter-yield as a function of energy and incident angle, and fraction of
atoms sputtered in the backwards direction were used to calculate carbon deposition rates. At the plane of the
thrusters, the deposition rate was conservatively calculated to be 0.8 Å/min to 1.5 Å/min at full power. The
measured back-sputter deposition rate from the FT2 beam target with the thruster running at ML111 (full power)
was approximately 0.50 Å/min. All sensitive spacecraft surfaces were covered to protect them from the sputtered
target material during the hot-fire tests.
XCA Bakeout: The XCA vacuum bake-out was performed to recover from the unplanned operation of the XCA in
air during a test of the spacecraft’s Electrical Power System (EPS) in December 2006. Operation of the XCA in air
may have resulted in contamination of the XCA. To be assured that the XCA would deliver xenon that meets the
point-of-use purity specifications it was necessary to repeat the vacuum bake-out cleaning process that was
originally performed at JPL. The flight system was designed to have this capability. Prior to this vacuum bake-oout
the cathode plenum tank pressure was 6.6x105 Pa (95 psia) and the main plenum tank pressure was 5.2x105 Pa (76
psia). The vacuum bake-out requires the XCA to be evacuated and then vacuum baked out at +50C. The plenum
tanks were evacuated through LV16 and LV17 using a procedure design to not overwhelm the vacuum chamber
pumping system. The plenum tank pressures over the first two hours of this procedure are given in Fig. 5. At the
end of the 100 minutes latch valves LV4 through LV15 were also opened to facilitate further evacuation of the
XCA. The vacuum bake-out lasted for 75 hours at 50C with an additional 24 hrs of vacuum soaking with the XCA
and plenum tank temperatures between 20C and 30C.
Pressure Transducer Zero Check: At the end of the vacuum bake-out described above the interior of the XCA
had been exposed to high-vacuum for approximately 100 hours. This opportunity was used to check the zero drift of
the plenum tank pressure transducers. The pressure transducers were calibrated by the vendor, Taber Industries, in
March and April of 2004 and have a maximum allowable zero drift of 0.1% of full scale per year. To measure the
pressure transducer zeroes DCIU-2 was turned on and the telemetry outputs of the six pressure transducers recorded.
The zero-pressure values were used to calculate the corresponding pressure transducer output voltage for
comparison with the factory calibration data. This was done using the linear curve fits for each of the pressure
transducers and calculating the voltage that corresponds to the pressures reported in the DCIU telemetry when the
plenum tanks were at zero pressure. The telemetry values and the corresponding pressure transducer output voltages
are given in the 5th and 6th columns of Table 1, respectively. The third column in Table 1 gives the output voltage
at zero pressure measured during the factory calibration. The change in output voltage from zero pressure to 150
psia is given in the 4th column. The change in the output voltage at zero pressure, expressed as a percentage of the
full scale output voltage range is given in the column on the far right in Table 1. This zero check in TVAC was
performed at the end of January 2007, 2.75 years after the factory calibration. The data in Table 1 indicate that the
pressure transducer zero drift is well within the allowable zero drift of 0.1% of full scale per year.
Table 1. Pressure Transducer Zero Check.

Transducer
PA1 (main)
PA2 (main)
PA3 (main)
PA4 (cath)
PA5 (cath)
PA6 (cath)

S/N
20031574
20031577
20031573
20031575
20031572
20031576

Factory
Calibration
at Zero
Pressure
(V)
0.096
0.104
0.111
0.116
0.122
0.105

Factory
FSO
(V)
5.096
5.096
5.108
5.094
5.083
5.098

DCIU TLM
at Zero
Pressure
(psia)
0.3236
-0.0842
0.0585
0.2828
0.3236
0.3236

Equivalent
Voltage
at Zero
Pressure
(V)
0.102
0.096
0.107
0.120
0.128
0.109
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% of Full
Scale
Change
0.12
-0.16
-0.08
0.09
0.12
0.09

XCA Repressurization: After the XCA vacuum bake-out, repressurization of the main and cathode plenum tanks
was required. At the start of TVAC the main xenon tank contained approximately 15.7 kg of xenon resulting in a
tank pressure of approximately 1x106 Pa (145 psia) at 20C. Since the main xenon tank pressure is very low, it was
recognized that a large number of solenoid valve cycles would be required to repressurize the plenum tanks to the
pressures required for full power operation. A total of 4500 solenoid valve cycles was required to take the main
plenum tank from vacuum to 64.2 psia. In addition, 1814 cycles were required to repressurize the cathode plenum
tank to 33.6 psia. These numbers were consistent with the expected number of cycles.
Spacecraft Hot Thermal Balance: The spacecraft hot thermal balance required that PPU-2 operate at full power
while at the same time the corresponding ion thruster, FT2, is dissipating the correct amount of power. This was
accomplished by operating PPU-2 on its B-side output relays into resistive load and operating FT2 in diode mode
using the DS1 flight spare PPU controlled by a Dawn EM DCIU. The discharge current and propellant flow rates
were set to the ML111 (full power) level and the neutralizer keeper current was set to its maximum level of 2.5 A.
The high value of neutralizer keeper current was used to prevent the neutralizer from operating in plume mode
during this test. Xenon flow required for diode-mode operation was provided by the flight system with the flight
DCIU-2 controlling both PPU-2 and the XFS.
In support of the hot thermal balance PPU-2 was operated at full power (ML111) for 22.8 hrs. The measured
operating conditions based on the PPU telemetry are given in Table 2. This table indicates that the PPU was most
likely dissipating 190 W using an estimated PPU efficiency of 0.925 based on the PPU acceptance and run-in test
data. The telemetry from the PPU’s four internal temperature sensors during the hot-thermal balance are given in
Fig. 6. During the hot-thermal-balance the maximum observed internal baseplate temperature (DC2XPPUTMP1)
was only 19C, and the corresponding –Y panel temperature was only 11C. The maximum flight allowable value for
the –Y panel is 35C, so the PPU was operating well below its upper temperature limit in this test. The maximum
temperature observed for the neutralizer power supply (DC2XPPUTMP2) was approximately 24C. Similarly for the
beam (DC2XPPUTMP3) and discharge (DC2XPPUTMP4) power supplies, the maximum temperatures observed
were approximately 37C and 37.5C, respectively.
Thruster FT2 was operated in diode mode for 21.6 hrs during the hot-thermal balance. The ignition sequence
includes a planned 6-minute pre-heat. The neutralizer cathode lit approximately 6 minutes after the completion of
the planned 6-minute pre-heat. The discharge cathode lit immediately when commanded to start. The total 12minute heat time before ignition for the FT2 neutralizer is long, but not excessively so. The last time FT2 had been
operated was on 10/28/2006, so it had been approximately 15 months since its last operation. In the second phase of
TVAC FT2 was started twice, in the first start the neutralizer ignition time was 3.5 minutes after the 6-minute
preheat. In the second start in phase 2 this was reduced to 48 seconds.
Table 2. PPU Operation into Resistive Load for the Hot-Thermal-Balance Test.
Neutralizer

Value

Parameter
J NK

(A)

V NK

(V)

14.91

JD

(A)

14.01

Discharge
Beam
Accelerator
Output Power

VD

(V)

25.56

JB

(A)

1.756

VB

(V)

1101.7

JA

(mA)

9.1

VA

(V)

200.1

PE

(W)

2335

Assumed PPU
Efficiency
Estimated PPU
Power Dissipated

1.504

0.925
CBE

(W)

Max (+1 σ )

(W)

202

Min (-1 σ )

(W)

178

190
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The discharge and neutralizer keeper voltages during the 21.6 hrs of diode mode operation are given in Fig. 7.
These data indicate a transient of roughly 5 hours (300 minutes) after which there was very little change in either
voltage. This behavior is typical of the type of cathode used in the Dawn ion thrusters. In addition, the neutralizer
cathode shows a very steep transient from the first recorded value of the neutralizer keeper voltage of nearly 27 V
down to less than 18 V in less than 1 minute. This behavior is also typical and expected.
The thruster temperatures for FT2 are given in Fig. 8. There are four temperature sensors on each thruster; two
on the gimbal pads and two on the sides of the front mask. Prior to the start of diode mode all four temperature
sensors were indicating approximately -40C. After diode mode was started the front mask temperatures increased
from -40C to 117C in approximately 5 hours. The temperature of the gimbal pads increased from -40C to 90C over
this time. At the completion of the hot-thermal-balance operation of the thruster was terminated and the thruster
front-mask temperature decreased from nearly 120C to approximately -20C in about 6 hours.
Spacecraft Cold Thermal Balance: The spacecraft cold thermal balance required that PPU-1 operate at minimum
power while at the same time the corresponding ion thruster, FT1, is dissipating the correct amount of power. This
was accomplished by operating PPU-1 on its B-side output relays to the resistive load located outside the vacuum
chamber and operating FT1 in diode mode using the DS1 flight spare PPU. The discharge current was set to the
ML0 level and the neutralizer keeper current was set to 2.5 A.
In the cold thermal balance PPU-1 was operated at minimum power, ML0, for 25.8 hours. The measured
operating conditions based on the PPU telemetry are given in Table 3. This table indicates that the PPU was most
likely dissipating 66 W using an estimated PPU efficiency of 0.875 based on the PPU acceptance and run-in test
data. The steady-state PPU baseplate temperature (DC1XPPUTMP1) was approximately 3C during the cold thermal
balance. The hottest measured internal PPU temperature was that of the neutralizer supply (DC1XPPUTMP2) at
about 12C. Note the beam supply temperature (DC1XPPUTMP3) was relatively low at about 8C because the
temperature sensor is attached to a beam supply module that is off at this low power level. The temperature of the
discharge supply (DC1XPPUTMP4) was similar to that of the beam supply, about 8C.
Table 3. PPU Operation into Resistive Load for the Cold-Thermal-Balance Test.
Value

Parameter
J NK
Neutralizer
V NK

(A)

2.397

(V)

17.91

JD

(A)

4.908

VD

(V)

26.68

JB

(A)

0.513

VB

(V)

550.2

JA

(mA)

2.7

VA

(V)

200.1

PE

(W)

460

Discharge
Beam
Accelerator
Output Power
Assumed PPU
Efficiency
Estimated PPU
Power Dissipated

0.875
CBE

(W)

66

Max (+1 σ )

(W)

70

Min (-1 σ )

(W)

62

Thruster FT1 was operated in diode mode at ML0 for 14.2 hrs for the cold thermal balance. The ignition of the
FT1 neutralizer took place 36 seconds after the 6-minute pre-heat and the discharge cathode lit immediately after the
neutralizer stabilization time. After approximately 9.2 hours of diode-mode operation a communication error in the
ground support equipment caused the thruster to be shutdown. After clearing this error FT1 was restarted in diodemode. The neutralizer and discharge cathodes lit immediately after the 6-minute pre-heat.
Xenon flow required for diode-mode operation was provided by the flight system with the flight DCIU-1
controlling both PPU-1 and the XFS. At the start of the diode-mode operation the main plenum was at a pressure
that corresponded to full power operation. To save solenoid valve cycles this pressure was allowed to decrease to
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the ML6 level during the test. The cathode and neutralizer flow rates, however, were maintained at the ML111
levels over the entire test. Consequently, the main plenum tank pressure decayed from the ML111 level (63 psia) to
the ML6 level (16.5 psia). This decrease in the main plenum pressure is shown in Fig. 9 along with the temperature
of the FT1 main flow control device (FCD). After the pressure decreased to the required level, the DCIU/XFS
maintained the pressure at this level for the remainder of the test. The cathode plenum tank pressure shown in the
figure was maintained at the ML111 level (approximately 35 psia) throughout the test. This approach was
successful in reducing the number of main solenoid valve cycles during the test.
The discharge and neutralizer keeper voltages during the cold-thermal-balance, diode mode operation are given
in Fig. 10. The increase in discharge voltage from 20 V to 22 V is the result of the decrease in main flow rate as the
main plenum pressure decayed from the ML111 level to ML6. There was no change in the neutralizer keeper
voltage throughout this test except for a transient around the time of the restart. After this transient the neutralizer
keeper voltage returned to its previous steady-state value. The temperatures of FT1 during the diode-mode
operation are given in Fig. 11. These data indicate a maximum thruster temperature of approximately 60C. The
effect of the thruster restart on the thruster temperatures is clearly visible as the dip in all four measured
temperatures. After the thruster was shut down, the temperature decreased from 60C to -50C in approximately 6
hours.
E. Spacecraft TVAC – Phase 2
After the completion of Phase 1 the vacuum chamber was vented and the spacecraft reconfigured for Phase 2.
This included putting the IPS completely in the flight configuration. The major IPS-related activities in Phase 2
were to operate each ion thruster in diode mode from the flight PPUs, test for leakage in the upstream latch valves,
and hot-fire the two outboard thrusters. A mechanical obstruction prevented the hot-fire testing of the center
thruster FT3.
Diode-Mode Operation of FT3: Thruster FT3 was not operated in Phase 1 of the TVAC testing. In addition, this
thruster is the shared thruster and can be operated by either PPU. Diode-mode operation of FT3 was successfully
performed using both DCIU-1/PPU-1 and DCIU-2/PPU-2. Throughout these tests the main plenum pressure was
maintained at 17.5 psia and the cathode plenum pressure was maintained at the ML111 level. The thruster was
operated first with DCIU-2/PPU-2. Ignition of the neutralizer took place 47 seconds after the 6-minute preheat time.
The discharge cathode started immediately after the application of the start voltage. FT3 was operated in diodemode for 31.4 minutes from DCIU-2/PPU-2. At the completion of this test DCIU-2 and PPU-2 were powered off
and DCIU-1 and PPU-1 were powered on. Ignition of the neutralizer took place immediately after the 6-minute preheat time as did the discharge cathode. FT3 was operated in diode-mode for 53.5 minutes from DCIU-1/PPU-1.
Diode-Mode Operation of FT1 and FT2: Both FT1 and FT2 were operated in diode-mode for more than 60
minutes each to bake them out after the chamber break and before the hot-fire test.
Upstream Latch Valve Leakage Test: This test was designed to measure the leakage of the upstream, lowpressure latch valves in TVAC. The XFS was configured with the following valves open: LV5, LV7, LV9, LV11,
LV13, LV15, and LV17. All other latch valves were closed. The main plenum was pressurized to 17.3 psia and the
cathode plenum was pressurized to 35.9 psia. The XFS was maintained in this state for 19.3 hours. The plenum
tank pressures and temperatures were recorded throughout this time. The vacuum chamber pressure was also
recorded and the vacuum chamber residual gas analyzer (RGA) was monitored for the presence of xenon in the
vacuum chamber.
The pressure in the main plenum tank during the 19.3-hr latch valve leakage test of LV4, LV6 and LV8 is given
in Fig. 12 and the corresponding temperature of the plenum tank in Fig. 13. The pressure in Fig. 12 is seen to vary
by +/- 1 DN around the average value of 17.27 psia. The periodic variation in temperature shows the effect of the
plenum tank heater cycling. The +/- 1 DN seen in the tank pressure in Fig. 12 results from this heater/temperature
cycling. There is no change in the average tank temperature over the course of the leak test and essentially no
change in pressure over the leak test. In addition, the RGA indicated no change in the partial pressure of xenon
before, during, and after this test. Taking as the worst case upper bound a 1-DN decrease in pressure over this time
analyses indicate that the leakage of all three of the latch valves together is less than 4.2x10-3 sccm. If these valves
leaked at this rate for the entire mission, it would result in an acceptable loss of 130 grams of xenon. The actual leak
rate is believed to be much lower than this. Similar results were obtained for the cathode side valves LV11, LV13,
LV15 and LV17, where essentially no measurable leakage was observed.
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Hot-Fire Test: The hot-fire test was started on February 14, 2007 and was completed on February 15, 2007. In the
days leading up to the hot-fire test it was observed that the vacuum chamber base pressure was slowly, but steadily
increasing with time with no gas flow into the chamber. The RGA indicated oxygen and nitrogen in approximately
the right ratio strongly indicating that the cause of the pressure rise was an external air leak. The GRaND instrument
is sensitive to helium contamination so helium leak-testing was not an option. Attempts to identify the leak using
IPA were unsuccessful. In the end, it was decided to proceed with the hot-fire test since the total duration was
expected to be relatively short and the leak was not expected to get significantly worse over the duration of the test
and the vacuum chamber pressure was still less than 1x10-6 torr.
To mitigate the risk of air contaminating the cathodes, the test scripts were modified to maintain xenon flow
through the cathodes after the completion of each thruster hot-fire to allow the cathodes to cool down for 1.25 hours
before terminating the flow. This modification was successfully implemented and the presumed air leak did not get
significantly worse over the course of the hot-fire test.
FT1: Prior to its hot-fire test FT1 was cold-soaked so that the gimbal pad heaters were cycling on/off to maintain
the thruster front-mask temperature at -77C. The neutralizer cathode lit immediately after 6-minute pre-heat time as
did the discharge cathode. The high voltages came on exactly as expected. The beam currents and voltages over the
FT1 hot-fire test are given in Fig. 14. FT1 was successfully started at ML6 and operated there for 5 minutes as
planned. This throttle level operates at a beam voltage of 675 V. The thruster was then throttled to ML27 which
requires the maximum beam voltage of 1100 V. The thruster was operated at ML27 for 5 minutes and was then
throttled to ML48 where it was operated for 2 minutes. After this the thruster was throttled to ML69. This was the
highest planned mission level for this test. After 5 minutes at ML69 the thruster was throttled down to ML6 for two
minutes and then intentionally shut down. The total thrusting duration was 23.3 minutes. There were 7 high voltage
recycles during this test, which the power system handled with no problem. The accelerator currents and voltage
are given in Fig. 15 and the discharge currents and voltages in Fig. 16. The discharge voltages are low, <20 V,
throughout the test because the main and cathode flow rates were at their ML111 levels. The neutralizer keeper
currents and voltages are given in Fig. 17, and the neutralizer common voltage and neutralizer keeper plume mode
circuit voltage in Fig. 18. Note, the neutralizer common voltage is negative as expected with beam extraction. The
neutralizer plume mode circuit voltage is less than 1 V over the range of throttle levels tested, but again the
neutralizer flow rate was fixed at the ML111 level. This test successfully demonstrated the ability to start-up a
thruster following a cold soak to its minimum expected temperature, the ability to throttle up and down, and
compatibility of the IPS with the rest of the flight system.
FT2: Prior to its hot-fire test FT2 was also cold-soaked so that the gimbal pad heaters were cycling on/off to
maintain the front-mask temperature at -77C. The hot-fire test of FT2 started with a planned 1-hr pre-heat in diode
mode. This was designed to warm the thruster up sufficiently to allow it to be started directly at ML111 (full
power). The neutralizer cathode lit 48 seconds after the 6-minute pre-heat. The discharge cathode lit immediately
after the application of the start voltage. The thruster was operated in diode-mode for 63.6 minutes.
After the 1-hr pre-heat in diode-mode the thruster was shutdown and then immediately restarted at ML111. The
neutralizer lit immediately after the 6-minute pre-heat as did the discharge cathode. The high voltages came on as
expected and the thruster was successfully operated at ML111 for 13.7 minutes -- the planned duration was 10
minutes. There was no rush to shut the thruster down since the contamination monitors were indicating an
acceptably low rate of back-sputtered material from the beam targets. After 13.7 minutes at full power the thruster
was throttled down to ML6 where it was operated for approximately 5.5 minutes before being intentionally shut
down. The total operating time with beam extraction was 22.2 minutes. There were 3 high voltage recycles during
this test which again the power system handled with no problem.
The beam currents and voltages during the FT2 hot-fire test are given in Fig. 19 and the accelerator currents and
voltages in Fig. 20. Note, the beam current control loop correctly controls the beam current to the desired throttle
table value from the minimum value of 0.51 A at ML6 to the maximum value of 1.76 A at ML111. Note also that
that accelerator grid current drifted up by about 0.5 mA over the 13.7-minute operation at ML111. The accelerator
grid voltage is fixed at -275 V since the thruster is within the 2-hr window in which the accelerator grid voltage is
maintained at this level. The discharge currents and voltages are given in Fig. 21, and the neutralizer keeper
currents and voltages in Fig. 22. At ML111 the discharge current is, JD = 11.74 A, and the discharge voltage is, VD
= 23.55 V. For a beam current of 1.749 A (obtained by taking the beam supply current of 1.758 A and subtracting
the accelerator grid current of 0.0094 A), the discharge loss is, εB =158 eV/ion. This is lower than that measured
during the thruster acceptance testing. The major reason for this is that the discharge chamber body is likely to still
be quite cold even after the 1-hr pre-heat in diode mode. Cooling the discharge chamber body is known to have a
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significant, measurable effect on the discharge loss. A contributing factor to the low measured discharge loss is that
the vacuum chamber pressure is significantly higher in the NRL facility than it was during the thruster acceptance
testing at L3 Communications. The higher vacuum chamber pressure will increase the back flow of xenon into the
thruster and lower the discharge loss. The neutralizer common voltage and the neutralizer keeper plume mode
circuit voltage are given in Fig. 23. The neutralizer coupling voltage is negative as expected. Note that the
neutralizer keeper plume mode circuit voltage is greater than 1 V for operation at ML111.
The temperatures of FT2 during the diode-mode pre-heat and the hot-fire test are given in Fig. 24. The thruster
temperatures (as measured at the front mask) went from -76C to +46C during the 63.6-minuted diode-mode preheat. The temperature then increased from +46C to a maximum of +58C during the hot-fire test. After it was turned
off the thruster cooled down to below -50C in 193 minutes.
F. Final Comprehensive Performance Test
After completing TVAC testing the Dawn spacecraft was packaged and transported to the Cape for pre-launch
activities including the final comprehensive performance tests (CPT). The objectives of the final IPS CPT were to
verify the functionality of the IPS components after environmental testing and transportation to the Cape. This final
CPT verified operation of all of the valves in the XFS except for LV5, LV7, LV9, LV11, LV13, and LV15 (opening
these valves would risk contaminating the propellant feed system.). It also provided an end-to-end verification of
the main and cathode plenum pressure transducers, verified the leak-tight integrity of the downstream low-pressure
latch valves: LV3, LV5, LV7, LV9, LV11, LV13, LV15, and LV17. The CPT verified the operation of all three
TGAs from both DCIUs over their full range of movement. The operation of all of the power supplies in each PPU
was verified as were the command and telemetry calibrations for each PPU. Finally, the continuity and high-voltage
isolation for each thruster were verified and the final plenum tank pressures were set for flight. There was no
measurable leaks were detected in any of the valves tested. The results of the end-to-end calibration check of the
plenum pressure transducers are given in Fig. 25. These data indicate good agreement with between the flight
pressure transducers and the XGSE transducer.
G. Xenon Loading
At the end of TVAC the main xenon tank on the spacecraft contained 15 kg of xenon. Beginning on June 5,
2007 the process to load the other 410 kg of xenon required by the mission was initiated. It took a total of 25 hours
to complete the xenon loading process. The amount of xenon loaded as a function of time is given in Fig. 26. The
tank pressure over this same time period is given in Fig. 27. The tank pressure was intentionally taken up to the
post-transportation proof pressure by controlling the tank temperature. The rate at which the xenon could be loaded
was directly related to the rate at which the heat from the compression process could be removed from the tank.
After the xenon loading was complete, three xenon samples were taken from the tank. These samples verified the
purity of the as-loaded xenon. The final flight load of xenon is 425.2 +/- 0.4 kg.

IV.

Concluding Remarks

The Dawn ion propulsion system has undergone extensive testing on the spacecraft in the past year. Two
comprehensive performance tests, five baseline functional tests, and numerous aliveness tests have been performed.
These activities have thoroughly tested the IPS and have successfully demonstrated the proper operation of all of the
IPS functionality. Every command in the DCIU command list has been tested through the flight system. Operation
of all of the valves in the XFS has been verified. All of the valves have been leak-tested. All command and
telemetry calibrations have been verified. All three ion thrusters have been operated by the flight system in diodemode, and the two outboard ion thrusters have been hot-fired on the spacecraft. The ion thrusters have passed
numerous high-voltage isolation tests. The xenon tank has been loaded with a total of 425 kg of xenon which meets
the purity specification required by the ion thrusters. The Dawn IPS is ready. The Dawn spacecraft is shown being
lowered onto the 3rd stage of the launch vehicle in Fig. 28. The three ion thrusters are clearly visible in this
photograph. The two outboard ion thrusters still have their protective covers in place. In Fig. 29 the Dawn
spacecraft is shown on top of the launch vehicle with the half of the payload fairing installed.
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Fig. 1. Dawn spacecraft configuration.
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Fig. 2. Simplified IPS block diagram.
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Fig. 3. Installation of FT2 on the spacecraft.
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Ion current density contours (mA/cm2)

Fig. 4. Ion beam current density profile mapped onto the beam target for operation at full power.
15
The 30th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

Fig. 5. The first two hours of the Plenum tank evacuation in TVAC.

Fig. 6. Internal temperatures for PPU-2 during the Phase 1 hot thermal balance with the PPU operating at
ML111 into resistive load for 22.8 hrs (DC1XPPUTMP1 = PPU baseplate; DC1XPPUTMP2 = neutralizer power
supply; DC1XPPUTMP3 = beam power supply; DC1XPPUTMP4 = discharge power supply).
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Fig. 7. Discharge and neutralizer keeper voltages during the 21.6-hr diode-mode operation of FT2 during the
Phase 1 hot thermal balance.
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Fig. 8. Temperatures of FT2 during diode-mode operation at the conditions specified in Fig. 7 for the Phase 1
hot-thermal-balance.
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Fig. 9. Blow-down of the main plenum tank pressure during the FT1 diode-mode operation in the Phase-1 coldthermal-balance.
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Fig. 10. Discharge and neutralizer keeper voltages during the 14.2-hr diode-mode operation of FT1 at JD =
6.39A and JNK = 2.50A during the Phase 1 cold-thermal balance.
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Fig. 11. FT1 temperatures during diode-mode operation at the conditions specified in Fig. 10 for the Phase 1
cold-thermal-balance.
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Fig. 12. Main plenum tank pressure during the 19.3-hr leak test of the upstream low-pressure latch valves (LV4,
LV6, and LV8) in Phase 2.
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Fig. 13. Main plenum tank temperature during the 19.3-hr leak test of the upstream, low-pressure latch valves
(LV4, LV6, and LV8) in Phase 2.
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Fig. 14. FT1 beam current and voltage during the hot-fire test in Phase 2.
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Fig. 15. FT1 accelerator current and voltage during the hot-fire test in Phase 2.
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Fig. 16. FT1 discharge current and voltage during the hot-fire test in Phase 2.
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Fig. 17. FT1 neutralizer keeper current and voltage during the hot-fire test in Phase 2.
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Fig. 18. FT1 neutralizer common voltage and neutralizer plume mode circuit voltage during the hot-fire test in
Phase 2.
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Fig. 19. FT2 beam current and voltage during the hot-fire test in Phase 2.

14

0

12

-50

10

-100

8

-150

6

-200
DC2XACCLCUR
DC2XACCLVOL

4

-250

2

-300

0

-350

2.454146760

2.454146764

2.454146768
Jullian Time (days)

2.454146772

6

2.454146776x10

Fig. 20. FT2 accelerator current and voltage during the hot-fire test in Phase 2.
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Fig. 21. FT2 discharge current and voltage during the hot-fire test in Phase 2.
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Fig. 22. FT2 neutralizer keeper current and voltage during the hot-fire test in Phase 2.
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Fig. 23. FT2 neutralizer common voltage and neutralizer plume mode circuit voltage during the hot-fire test in
Phase 2.
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Fig. 24. FT2 temperatures during the hot-fire test in Phase 2.
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Fig. 25. End-to-end calibration check of the plenum tank pressure transducers in the final CPT at the Cape.
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Fig. 26. Mass of xenon loaded as a function of time.
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Fig. 27. Xenon tank pressure during the xenon loading process. The pressure was intentionally taken to the
post-transportation proof pressure requirement of 1454 psia by controlling the temperature of the tank.
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Fig. 28. Mating of the Dawn spacecraft with the 3rd stage of the launch vehicle. The three ion thrusters are
clearly visible. The center thruster is in the launch position with its protective cover removed.
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Fig. 29. The Dawn spacecraft positioned on top of the Delta II 7925H launch vehicle.

29
The 30th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

