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In January of 2020, Ad Astra Rocket Company began operating a technology readiness
level (TRL) 5 power processing unit (PPUlleveloped forthe ion cyclotron heating (ICH) stage
of the VASIMR® VX-2 0 0 S S E apHhruater prototype. Aethera Technologies, of Halifax
NS, Canada, developed this PPU under contract with Ad Astra and with additional support
from the Canadian Space Agency. The PPU as modern, G& power electronics that have
the potential for spacefligh. Weighing only 52.9 kg, including a 15 kg magnetic shield, the unit
produces up to 120 kW of RF power at frequencies of 0.4 to 1.0 MHz, with a BiG-RF power
conversion efficiency 088%. During a 4-hour test with a water-cooled resistive load, Ad Astra
operated the PPU in thernal steady state at full powerwhile under high vacuum. The VX
200SSE magnet was fully energized during the | ast
significant effect onthe unit in its installed location (2 m from the thrusteraxis). The new PPU
is now a permanent part of the upgraded VX2 00 SSE system, -4uwipthaaci ng a TRL
resides outside of the test chamber. Ad Astra has since resonated the ICH stagkile
operating at a total (helicon plus ICH) power of 100 kW, easilyuning the new unit to the
plasma circuit. Additionally, Aethera has developed a commercial PPU, of similar design and
performance, but operating at the higher frequency (~7 MHz) requied by the helcon stage
of a VASIMR® system. Minor changes will adapt tle commercial PPU to the X-2 0 0 SS E .
The complete (helicon and ICH) radio frequency power subsystem will then operate in a
relevant vacuum, thermal, and magnetic environment.

I. Introduction

The Variable Specific Impulse Magnetoplasma Rocket (VASIR)Rsystemis atwo-stage, radio frecqgncy (RF)
poweredfully magnetizeclasmathruster designed for ispace propulsioriThe rocket uses a helicaype plasma

source to ionize a propeht, and ion cyclvon heating(ICH) to accelerate the ions ofehesulting plasma. A
superconductig magnet surrounds the rocket core, providing the magnetic field necessary for the two stages to
function (seeFig. 1). The mageic field also irsulates the rocket core from the plasma and acts as a nozzle which
guides the expaion of ther o ¢ keghauét.é\n overview of the technology can be found in R#&f.
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VASIMR® systems have rectiy been designed to use argon gas as a propellant, although mangastbere
possible. Using argon,single VASIMR® thruster can achieve a specific impulse of 4900 seconds while operating at
a power level of 200 kV[2].

The VX2 00 SSE i s, thermal Stéadpkatd/ variant of the earlier 200 kW VX0 0O E pul sed proto
deweloped privately by Ad Astra Rocket Compaltg.primary goaareto advance the VBIMR® technology to TRL
5 andto demonstrte the thermal managememiecessaryor continuouslong-duration operation at 100 kW of DC
input power. The VX2 0 0 SS E  pwavimjtintedrim 2015 as a publicivate partnership between NA%ind Ad
Astra under the Next Space Teokogies for Exporation Partnership Program (NextSTEP).

In addition to the thermal management objectives for the2VX0 SSE pr ot ot y p egramtalse Next S
required the thermal steadyate demonstration of teoc ket 6 s Power Pr odhewvasciumg Uni t
envronment. This objective was not funded by NASA but enabled by a separate and parallel program with Aethera
Technologies of Halifax, NSCanada and jointly funded by Ad Astra and the Canadian SpaaecpAgdCSA). This
paper describes the TRA.PPU developne and teshg process.
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Fig. 1 Simplified schematic of a VASIMR® system

A. Power Processing Units in aVASIMR ® System

PPUsare a critical element of any electric prégan (EP)system theyprovidepower fromthe solar array tahe
thruster The thruster in turmsesthe power to produce and accelerate plasma. Plasmas aranthhehellerging as
electrical loads, particularly at high power. PPUs ideally have a high efficiencto(Edtipledpower in the plasma),
light weight, and tolerance to variations in the plasma load.
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Fig. 2 Simplified electrical schematic ofa VASIMR® RF circuit, showing a legacy RF PPU and stepp

network (SUN) outside of the vacuunchamber. The SUN transforms the PPU output to match a standard

509 transmission |ine. The matching net womalkchtfeMAN) t r an:
coupler-plasma circuit.



VASIMR® PPUs have distinctions from those of traditional, electrosEficdeviceqd3,4]. First, a VASIMR®
thruster uses Rpower to drive its helicon and ICH stagd@$e power couplingschemeakes advantage of natural
oscillations in magnetized plasmas (helicon amddyclotron waves). These waves propagatkout density cutoff
andat relatively bw frequencies (~1 10 MHz), allowing the use défficient, solid-state power conversion tetdhues
that have advanced with the electrification of sociely.second distiction is that VASIMR requires o
neutralizationthe plasmas net neutral throughd. The propellant flow, 3 stage power, and'2stage power can all
be adjusted independentb the meet the requirements of a given operational profile.
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Fig. 3 Updated electrical schematic, showing th¥X-2 0 0 S BRE.-5ICH PPU inside the vacuum chamber
with the optional connection to a resistive load for testing.

For efficientRF power couplingrom the PPU to the plasmenpedace matching isrucial As shown inFig. 3,
VASIMR® systemsuse an adjuable matching network located just outside the rocket core to minimizeteefle
power to the PPUThis arrangemenlends itself to the use dfigh impealance low loss RF transmissiorines and
remotely locaed PPUsin spaceflight RF transmission wuld be particularly advantageous for higtower (>50 kW)
systems with require carespondingly highDC currents (>400 Ajrom the solar array

B. Aethera Technologies

For the past 10 years, Ad Astra Rocket Company has usedstatid TRE4 PPUs fo plasma testing at total
(helicon pls ICH) powersup to 200 kV. Aethera Technologidsas nowdevelopeda TRL-5 PPU fo the ICH stage
of theVX-2 0 0 S @diotype.The newPPU uses modern, Gabasedpower electronics that have the potential for
spaceflightFigure4 shows a model of thePU and the completed unit being weigh@dth a mass obnly 52.9 kg,
including a 15 kg magnetihield, thePPU produces up t420 kW of RF power at frequensi®f 0.4 to 1.0 MHz
Theunitis designed for steaestate operation entirely within vacuuirhe cylindrical shapeninimizes the material
required toshieldthe PPU from the stray field theVX-200S$% superconductingragnet Spaceflight versions may
not needas muctshieldingif they arelocated near the DC power sourdéditionally, gpaceflight VASIMR systems
will necessarily be arranged as quadrupole magether reducing thetrayfield and the necessarhigslding fora
given location Without shielding, the existing RFPU design would weigapproximatelyd0 kg.

Thetechnologes used irthe design of the ICH PPalsohave direct application to the first stage helicon RRU
fact, Aethera Technologi has alreadyleveloped &0 kW, 7 MHz commercialpower generator for terrestrial
applicatiors. This generator is almost entirely conduction cooled and already has many of the features of the ICH
PPU, with an efficiency hter than 95%Application b aTRL-5 helicon PPUwill be straightforward.

The remaindeof this paper details the design and testing offtRe-5 ICH PPU.



[I. PPU Design

ThePPU described here is a sefithte RF power supply that drives ti&Hl stage of th&/X-2 0 0 S [@dfotype.
The RPU is designed to achieve TR and to incorporate TRB elements where feasibl€able 1 lists the basic
specificatiors. The major sections of tHePUsystem are listed iable2.

Tablel RF PPU Specifications

Power 120 kW

Input 270 to 350 VDC

Output Frequency 0.4t01.0 MHz

Efficiency (RRu/DCin) 98%

Size(LxHxW) 972 mm x 255 mm x 255 mm
Mass (with magnetic shield) | 52.9 kg

' . Complete unit
Magnetic ~ : being weighed
shielding

Fig. 4 a) CAD model of the TRL -5 PPU. b) The completedPPU with shielded enclosure

Table2 PPU Subsystems

Power Amplifiers

RF Power Combiner

Master Contller

Current, Voltage and Flow Sensors

DC Distribution,Protection, and EMilter
Cooling System

SupportingStructure

Enclosure

A. Power Component Design

1. Power Amplifiers

There are 12 power amplifi@A) boards each designed to otyibute 10 kWof RF output at full power. ThEA
circuits are classified as Voltage Mode Class D (VMCD) pypgh-efficiency switch mode ampiers and are
configured in an Fbridge topology. The transistors selected offer very{sigded switchingpw stored energyery
low on resistangeanda small chip scale package.



The modern HEMTs in the PA circuitenable significant advantages compared to silicased metal oxidel
semiconductor fieleeffect transistas (MOSFETS):

A increased eneygconversion efficiency
A expanded transistor Safe Operating Af@8@A), reducing risk of failre to reach desired power
A reducedverall PPU volume and mass due to the smatlaisize .
A reducednagnetic shieldingequired in proximity to th&X-2 0 0 S @pble
A reducedcoolingsystem volume and mass
A commontransistor tehnologyfor both the helicon and ICHequenciesredudng development time and
risk for the helicon PPU
A increased radiation tolerance and potential for spacef[igi#]
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Fig. 5 Functional block diagram of the TRL -5 PPU.

2. PowerCombiner

The RF combiner uss a broadband transformer dedigisum the power output from th@ PA boards EachPA
feeds a gmary transformer windingrhe transformer consists @f serieof toroidswith ferrite coresThe combiner
designis based on a wedstablished method and was used inTtR&-4 PPUs.
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Fig. 6 Simplified diagram of the PPUinternals.



3. VSWR tolerance

The Voltage standing wave rativ$WR) at the PPU output is an indication of how well the loaceitapce is
matched to the RF generator. A VSWR of 1 is ideal, while higher numbers indicate moredgftmetrThe power
componergof theTRL-5 PPUhave been designed to allow operatinto nonideal loads, which simplifies the start
up of theVX-2 0 0 S &# makes it easier to adjust powgnamically Oncea desired power is achieved, thiX -

2 0 0 Sadiching networkcan ypically be used ttune the overall circuit impedance to a VSWR less than 1.1.

Aetherahas engineed the PPU with a generous powWR operational envelope, ensuring that the power

amplifiers remain within the SOA throughout thaperational frequency bd. The implementation of VSWR
protections is described in sectibirB.3., below. The VSWR tolerant desigrism simplifies the pros of vacuum

resonating the ICH stage of th&X-2 0 0 S, S/liich is describethterin sectionlll .F.2.
Table3 PPU Operational VSWR Envelope

4. EfficiencyPredidion

Power(kW) Maximum VSWR
0 3

5 3

20 15

100 15

120 1.35

The primary losseim the PPU ee in the PAs and power combinbutlosses in the DC bus and auxiliary systems

were alsoincludedin a predictive efficiency alysis.The analysis was performed for a nominal operdtieguency
with a total output RF pger of 100 kW and input voltage of 310 VDEor the PA, the lossegere dominated by the
transistor conduction and switchitmgs.The analysis is summarizéd Table4. The moderequired 101,704 W DC
input power to produce 100 W RF aitput power The predictedhet conversion efficiency of DC to RF poweas

therefore98.3%.This analysis is caistent with the component and ®m measurements described in subsequent

sections.

Table4 Predicted PPUComponentLosses at 100 kW RF Output Power

B. Control and Protections
An embeddedystemcontrok, monitoss, and protectthe RFPPUfrom faults The control systens divided into

Component Loss (W)
Power Amplifiers | 1082
Combiner 513

DC Bus 41
Auxiliary 68

Total 1704

two main areas: the amplifier control system, which monitors and protects the individual amplifiers wittbatetistri
network and the master controller, which is responsible for commanding, controlling and monitoring all other aspects

of thesystem.SeeFig.5f o r

a

simplified

1. Integrated @ntrol at the Power Amplifiers

Power control is managed at the master abriavel based on external input®m the VX-2 0 0 S Eoftrol
systen. The anplifiers aresubordinatedo the master controller which makes decisions ow many amplifiers

bl ock

should be actig at any time to control tfePUoutput voltage.

Amplifier state commands are passed directly from the master controller toretadual amplifier on the
amplifier drive inputs. The amplifier drive inputs are connetted Field Programmable Gate Arré§PGA) which
drives the power transis®r

A microcontroler monitors the status of the amplifier, including key signals related to the power ebtsctid e
microcontroller has bidactional signaling with the FPGAt can pass eotal inhibit command to the FPGA drive

di agram of

t he

PPUOG s

logic. Improper drive logic states or fawdonditions monitored by the FPGA may also be signaled back to the

microcontroller and th master controller over the serals. A functional block diagram of the PA contimshown

in Fig. 7.
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Fig. 7 Control system at each of the 12 amplifier boards. B+ is the DC bus voltage.-S4 are the transistor
legs @mprising the H-bridge amplifier circuit.

The amflifier software is written in C. Theris no operating system on the microcontroller, only a basic event
loop. The main task dhe microcontroller is to monitor the ingimentation on the amplifier and provide that data to
the master controller. It can veprogrammed in system, either wihdedicated programmer or from the master
controller, and it has its own dward flash.

The FPGA is responsible for monitoring anthiementing the RF drive signals, along with acting on any fast fault
detection. It hainternal flash that can be reprogwaed insystem with a dedicated programmer.

Table5 Amplifier Fau Its that trigger a local power inhibit

High DC Voltage | B+ voltage exceddg a programmable threshold

High DC Current | DC current exceedg a fixed threshold

High Tenperature | Heatsink temperature excéega programmable thresho
Drive Signal Incoming dive signals outside of their normal state

2. Master Control

The master controller is based on a Digital SigPralcessor (DSP) and FPGA chipeéth sufficient processig
power to control the system and generateRAalrive signals. The controller communtea with the outside world
over ethernet. Thedrive signals for the system are generated utlieg-PGA anda digital-to-analog converter
allowing precisefrequenciesd be generated.

The master controller is the most complex device i controbygem, with most of the software running on
the DSP. It is responsible for power control, signal processing, giote communications, and general supervisory
duties inthe system. The code is a mixture of C/C++ and assembly. Generally, the woittenin C++ to allow for
better testing and codeuse except for performance reasons (requiring assembly) oowo etisting library use
(requiring C).

The master contrldr monitos theRF output voltage using a capacitive attenuator near the outputoedrf
output current is sensed using a coencial current transformer (CT) at the low voltage end of thébamensecondary
conductor.Thecontroller uses theoltageand currensignakto calculatehe output power and the loadpedance.

In the ypical mode of operationa proportionaintegal feedback loop compasdhe output power to the
commanded powerom theVX-2 0 0 S &#Atrol systemThe master controllerdjuss the output poweby pulse
width modulating the active status thie individual PAs.This is done at a frequency (~ kHz) highough to allow
the output power to beontrolled smoothly.

3. Systenievel Protection

The master controller is responsible fwotection at the system levBlrotectiveactionsarebased on information
gathered from the system level sensorssthtus oftie PA 6 andtheexternal inhibitsEfficient operation of the P&
depends on fundamental and harmonic load impedancies whoduce the correct current waveform for low loss
operation. Losses increa rapidly when thémpedance deviates (VSWR > 1) tooduce capacitive current§he
system potecticns are designed to prevent operation outside of the tranSi§iér



Table 6 SystemL evelProtections

Fast VSWR Protection Protectsagainst fast load transients that might indicate grainthe load network
This fastprotection reacts quickly in the event of a sudden excursion from the
inhibitingall amplifiers directly via the modulation control lines with@tervention
from the DSP.

Software VSWR Protectiol Prevents exiting the SOA during a caotled power ramp. The DSP software redu
power until the SOA has been-eatered.This situation might be corrected by-r
tuning the matching network (ség. 3).

Forward Power Limit Reduce power if the total forward power exceed 25 kW. Prevents overstressir
system level components including the combiner seayrand the DC power bug

4. External Commuication and Command

All communications with the RIPPU are hatled by a 10/100BASET Etherret connection One TCP/IP port
provides a texbased console and a second TCP/IP port provides a binary machifec@@@odbus) Optionally,
the unit can seam samples in real time over UDP to a configurable port on an external computer.

During typical operation, th&X-2 0 0 S §Erator programs and executes a PPU power ramp via the Modbus
interface. This is normallgone as pardf a command to thiargerVX-2 0 0 S §/&em, although the PPU can be
operated independently for testinthe power ram is a sequence of operating points; each pmnsisting of the
desired output power, the desired frequerand the elaged time ¢ reach this combination from the previous point.
The textbased console of the PPUised mostlyor troubleshooting and software updste

The only input to the PPU not over Ethernet is an external hardware inhibithisdsalow-voltagesignal whch
is used by th&/X-2 0 0 S @#irol system to interlock the PPU output with various system conditions. &opé;
when operating into the dummy lo&keFigures 3 and 14theVX-2 0 0 S &®#irol system interlocks PPU power
with adequate war flow throudn the load.

C. Mechanical and Thermal Design

1. Mechanical Design

The ICH RF PPU assembly mechanical system was designed to producdapiesiss arrangement of electrical
and magnetic components girdling an RF combiner. This design philos@gshgdopted tainimize thernal loads,
optimize magnetic shielding, and minimittee structural mass of the device. The functional RF PPU adgemb
contained within a thiwalled, tubular magneticshield Physical interfaces includenounting points an ethernet
connectoraD-sub connector fotontrol power anéxternal inhibitcoolantconnectionsDC power irputs and an RF
power output. The assembly has no moving parts.

The overall dimensions of the ICH RF PPU bsted inTablel, excluding thanterface connections. The width
of the PA board is the functional elemématdrives the length of the assembljhe overall length is consistent with
thepredicted scale size of a 150 KWASIMR® engine.

The totaldry mass of the assembly i2.9 kg, with the magnetic shield comprisiagproximatelyl5 kg of that
total. The specific mass of #1 PPU is therefor®.44 kg/kW, which compares favorably to a previously published
study of VASIMR® systemmass scalingg].

2. Thermal Design

The functionalcomponents are thermally bonded to a centinaid-cooledheatsink (cold plate) The cold plate
forms the main cooling circuit and disatps heat from the PA boards and combiner cbtest of the total heat loss
in the system is managed khe cold platethe major exception being that thie secondry RF output windingThe
system can run safely at full power wittetinlet water teiperature as high as 4€.

The cooling design was simulated usiitgte element analysisoftware The power transistors are the primary
heat source in the PA boaadsemblyThe primary heat source in the combiner is from hysteresis loss in the ferri
cores of the RF tresformer.

The output center conductor, the secondary of the RF transforimemoled by a ground reentrant tube in tube
design. The coaig water is recirculated inside of the RF current carrier tube with a smaller tube THwdubein-
tube circuit ontinues through the PRERF output connection to a wateooled inductom the ICH stepup network.



D. Electromagnetic Compatibility (EMC) Dedgn

1. Conducted DC Emissions

The RF amplifier decoupling capacitors are a low impedancesai harmonic frequencieshich theDC bus
will directly conduct to the outside if not filtered.2 pHinductors and higipower capacitive feedthroughs are used
to control this emission.

2. Magnetic Shielding

The PPU enclosure is designed to shield the power coemts from the static field of théX-2 0 0 S Bdfnet
The background fld was conservatively assumed to be 60 G prior to the mounting location being finglieed
shielding materiateduce the internafield strength to a magnitude that iscaptable to the design of thenplifiers
and theRF combiner.ThePPUenclosue alsofunctions to blockadiated emissionfsom the PPU

The shielding material congites a significant portion of the overall mass (~28Phg necessarghielding mass
could bereduced in a spaceflighMtASIMR® system because theagnes will be arranged as a quadrupalanceing
the overall dipole field ancedudng the field strength for a given proximity to the rocket core.
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Fig. 8 a) Stray magnetic field strength as a function of radal distance from themidpoint of the VX-2 0 0 S S E
rocket core axisand b) model of theRF PPU6 s pr o x ieMX-2 @ O B iBdgreth

E. Vacuum Compatibility Design

The PPU is designed tvoidan internal Pschen breakdown and to minimize the gas load to/thé2 0 0 S S E
vacuum environmenihe unit was required to meet these criteria while at full power in ambient pessUying
from 107 to 10* Torr. Venting holesn the endplatesf the enclosurevere conservativelysized based on estimates
of theinternal surface area and m@koutgassing rate Low-outgassing materials were used in BilJsubsystems
wherever possibl&.he conductance of the PPU venting area was subsequentigaredsvhile developing the initial
vacuum test plafsee sectiotil .D.3).

[ll. PPU Testing

A. Component Testingat Aethera

Prior to the complete unit assembly, Aethera built and tested one power congergion at full power (greater
than 10 kW). Two config@ations wee tested, one on a bench fo€-to-RF performance assessment and one in a
small vacuum chamber for ttmeal performance validation. Extreme impedance matching conditions were explored
to veiify robustness. Thpowerelementsection included a PA, RF comnigir taoid set, and a cold plate section. The
complete RF PPU comprises 12 of these sections repeated. The sinigle =ted the RF power conversion,
integratedPA control, voltage handling and thermalig.

1. Component Benchtopesting
Performance mearementsvere carried out on a benchtop in air. Convective cooling effects were minimal. Two
measurements were carriedtoThe first method measured output RF power witHcenPhysicsmodel CM-1-L



currenttransformemeasuring current inta50 Wdummyloadanda Rohde & Schwarz NRP18T power termination
The second method measured the power loss directly with watemnoeatigri Both methods used the input DC power
measurement; this came from voltage andenrsensors indicated tayMagna Powemodd TSD50060 power
supply. The RF test frequency was 1 MHz, whighsexpeced to producslightly higher losses than those predicted
by theanalysis inTable4.

For the RF outpuneasurement, the system was tuned such that the measurdgoutpuwas 1&W, simulating
the entire PPU operating at 120 lkaWda nominalinput of 300 VDC The input voltage and current were 299.and
33.9 A, respectivg, giving an input DC poweof 10.143kW. The resulting efficiency wasoi#Pin = 98.6%.

For the calorimetered lossaasurenent,the output RF power was again turitedndicate 1&kW. The water flow
was adjusted to gpmas measured by an OmeggiesFL46300 sensoiThe cotl plate water temperature differential
temperature of 0.45C (Tout i Tin) was measured by thermocouples and a Fluke 54 Il B data loggrmgadimeter
with dual input. The differential measurement is more precise than the tgbsohperature indicain, ard baseline
measurement with the power elements turned off indicated Fleecheat loss measured in the water was 118iwW
convective heat loss from the combiner assembly was estimated as less than 10 W, by measisurfpde
temperaturavith anlR cameraThe totallosswasestimated to b&28 W. The resulting efficiency was gf Piosg)/Pin
= 98.7%.

2. ComponenVacuum Testing

The component vacuuntestwas intended to measutee temperatee rise of the combiner transformer with
maximum trermal load (approximately 50/ dissipated)this wasthe greatest riskn the thermal desigrSinceall
conduction cooling is through tlsairfaceatthe cold plate, the hottest pomn the assemblig at the opposite side of
the transformemwhich haghe longest thermal patfihewindingson top of this point are the hottestrfaceson the
transformer.

a) "

Fig. 9 a) RF combiner transformer and amplifier board configuration inside the vacuumchamber and b)
infrared image of the RF combiner at steady state 12 kWoperation. The combiner winding temperdure was
approximately 90 °C,which is within its operating range.

Transformer loss is driven primbgrby theinput voltage which increases hysteresis.lb&sximum thermal stress
occurs athehigh end of thénput DC voltagerange The vacuumntest waghereforecarried outat 350 VDC input and
output power up to 12 kW, exceeding the total output poaguirementElectrical power measurements wéike
those daescribed irthe benchtop component teEhetemperature of the combiner element was captured usthgka
Model TiS45 infrareccamera viewing through a zinc selenidimdow. Figure 9 shows a thermal image at 12 kW
steadystate. Surface temperatures were also measured Qsiegia ML4C temperature stickek&acuum pressure
during the test was measured witGanville-Phillips 356 Micrelon Plus Maluleas approximately 10Torr.

Table7 Component Vacuum Test Results

Maximum Transformer (winding) temperatu| 90 C

Cooling Water Temperature 35 C

Cold PlateTemperature (under transistors) | 42°C

RF Power to Load 12.095 kW

DC Input Power (350.1 VDQ(34.96 ADQ =12.24 kW
Measured Efficiency 98.8%
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B. Unit Test at Aethera
Before shipment of the completed RF PPU, a representative from Ad Astra travAkettieca to participate in a

Factory Acceptance TeE-AT) and visually inspect the unAethera only has thaéilities b test thePPUin air and

up to 20 kw of power. To simulate the equivalent stress of full power on the components, reducedveogvers

processed into extreme impedance mismatchestest setup is shown kig. 10.

cooler

=

=& RF power
~ measurement
matching

network

4 = IR camers
{ oC suppy -
B oscilloscope &' |

Fig. 10 Bench test of the assembled PPU at partial power (20 kW)

Maximum stress on the power combiner transformers was accomplished at the low endesfghizequercy
range, 400 kHz, with a load impedance I0e$ the optimal valudhe transformer temperaes were observed to
all stay well within design specification.

High stress on the power transistors was accomplished by processing power ata?@ BWW into highly
capacitive loads with a VSWR af5and3, respectivelyAll parameters werevell within component specification.

Hard shutback fault protection was demonstrated by suddenly applying a dead short to the PPU output while at
20 kW. The unit shut down rapidly and safely withdiarmmultiple times Testing was also performedthenormal
VX-2 0 0 S &pEratingfrequency the maximum frequency of 1 MHzand acrosshe voltage range of 270 to 350
VDC.

C. Full Power Bench Test atAd Astra

After shipmentfrom AetheraAd Astra benchested the RIPPU to itsfull 120kW power rating for the first time
Full power was tested atput voltage®f 270, 300, and 350 VDO henewly constructedtepup networkinductance
and capacitancgsee Fig. 3) wereadjusted to present a nedeal impedancéor these testeVSWR 103). Power was
terminated ito a 50q, 125kW, watercooled Altronic Research wdel 9715 dummy load as shown ifrig. 11. For
safety, theP PUS6 s e x t e r nweleintérlackedviath d flow switcleasnd a temperatureswitch at thewater
outlet of thedummy load In order to supply sufficient water flo@15 GPM)and cooling to the dummy load for
steady state operation, Ad Astraaenfigured twapreviously distinctvatersystems to be in seriasne supplying the
requisite headnessure and the athprovidingthe heat rejection capacifgeeFig. 13).

1. Bench TesMeasurements

The PPU enclosur&vas left off for this test, and a Jenoptik TRM640 infrared (IR)camera was trained on the
PPU components tcheck foruniformity or degradationA Fluke 62 MAX+ IR themometer was manually pointed
at severalcomponents (toroids, PAs, fuses, DC bus bar and current transfaon@osscheck tke IR cameré s
accuracyAn OptrismodelCS LT pyrometemonitored thestepup networkinductor, which is connected tthe tube
in-tube cooling circuit of the PPU center conduciidre RF current going to the dummy load was measured using a
Pearson auent transformer connected to an oscilloscdp& current was measured byLBEM currenttransdeer
modelDHR-C420500fed toa Fluke multimeter.
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Fig. 11 Setting up for the full-power bench tst at Ad Astra. The StepUp Network box is oversized for
experimental convenience.

2. Full Power Bench Test Results

The complete RIPPU was brought to full powéor the firsttime on August 12, 2019 and completed stestdye
operation for over an houfrhree rounds of testsrought theunit to 120kW at varyirg DC voltagesThe IR photos
show asatisfactorily uniformdistribution of heating for the part@\ll surfaces indicatedemperatureswithin
operational limits There was a modest variation in tlsembiner toroid temperatureslikely due to minor
manufacturing difference3he DC fuses were the hottest componamisasured; they aesigned toun hotso that
they canreactquickly to protectthe solidstate devicedownstream
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Fig. 12 Infrared images during the full power bench test at Ad Astra, showinga) the power amplifiers, b)
the combiner toroids, andc) the DC bus and fuses.
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D. Preparation for Vacuum Operation

After successful completion of the figbwer bench tests, the PPU andpstg network were integrated into Ad
Astrads mai n .Vhe mounting acadmgemdntelmvn inFig. 8 andFig. 14. An existing coaxial RF
feedthrough was used to transmit RF power out of the chaanto the same dummy load used infthepower
bench testThe dummy load was relocated to a mpegmanent mounting location, but the plumbing arrangement
was functionally the sam@s sinplified water flow schematic is shown ftig. 13.

Using anAgilent network analyzerhe stepup networkvariable capacitor wasdpusted to present the correct
impedanceat the PPU output Because this capacitor ot be adjusted remotely, it was locked into position in
preparation for the vacuum test

Two newv vacuum feedthroughs were installed for the [@@ver input to the PP o reduce bending stress at the
metalto-ceramic seals of the DC feedthroughs, thaJy cables (500 MCM) were straielieved at multiple locations
on the air side of the chambealv Strain relieving on the vacuum side vidinave been more comgpdited, so the
magneticforce on the DC conductors ag analyzedto determine ifsupportwas necessaryThe force due to the
background field of th&/X-2 0 0 S &Bthe opposing DC currentsas determined to ba small faction of the
feedthroutp 6 s  wso ithg relatively short vacuum side conductors were left to cantilever

The PPU and ISUN cooling connections were lesdecked using pressurizedlinen and a masspectrometer
leak detector with a sniffer probEhe FPU coolant circuit wasitegrated into the existingX-2 0 0 S @dling water
circulation systembut with a dedid&d pair of fluid feedthroughs at the chamber wall

hd ¥
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Magnet Turbo- Cryo- TRLA
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Cooling
Channels

LRERTT  (VX-2005S,
Loads TRL 5 PPU)

Fig. 13 Laboratory water systems reonfigured for 125 kW dummy load operation, dashedihes showing
the additional plumbing. To support steady state cooling of the dummioad, the 30-ton chiller/HX and 35ton
chiller systems were grtially serialized through the dummy load and a crossover connection.

1. Vacuum Test Measurements

A LEM Voltage Transducer DVA500 was installedupstream of thénput DC power feedthrough The LEM
current transducer used during the bench test was dtsmated upstream of the feedthroudhe DC sensors were
connected to analog input channels in the egledata acquisition system; these signatsuld be used as an
independent measuremeftinput power to the PPUWmega series PR1 resistance teperature detecte(RTDS)
were instdked in the PPU coolant inlet and outt&innections inside the vacuurhamber The signals from these
were routed to the #macuum data acquisition systeTo measure the PPU coolant flow, a Proteus mo6e04BN2
paddle flow sensawas installed irthe dedicated®PU branch cold leg just upstreanitsfchamber feedtimugh The
pulseoutput from this sensor was connected to a digital input chantietiexternal data acquisition systehime
RTDs at the PPlndtheflow meter at the chamber feddough would be used to measure the lessproduced by
the PPU dung operation.
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The Pearson current transducer in the aipmetworkwas again used tmeasure the RF output current from the
PPU The Pearson ghal was fed out of the chambeith a coaxial feedthrougland recorded manually at an
oscilloscopePrior to the vacuum test, a network analyzer was used to measure the signal lossriagtod seaxial
cables and connectors betweenRearson anthe oscilloscope. This cable loss veahsequentlysed to correct the
raw Pearson output.

2. PPU Control

The external PPU inhibit lineand dummy load water flow/temperature interlocks wereggnatied into the/X-
200Ss Ein-vacuum control systefior long-term functionality These interlocks areéesigredto minimize the risk of
accidentally operating the dummgyad without sufficient cooling.

For the initial vacuum test, the PPU was controlledal3C-based graphic user interface that was deyesdl by
Aetherafor its own testingOn January 15th, 2020, the PPU was operatddll powerin the vacuum chambevith
the main door operThis testing verified th&unctionality of thesupportingsystens and indicated that the laboratory
wasread for operationof thePPU invacuum

PPU

Fig. 14 Power flow and feedthrough arrangement during inchamber PPU testing with the dummy loadThe
PPU and stepup network (SUN) are shown in their permaent locations The rigid coaxial line can be
reconfigured to connect the PPU to th&/X-2 0 0 S @dsma circuit.

3. Monitoring for Outgassing

The PPU materials of construction were expected to outgas whed lresgeuum for the first timégut there are
no high-vacuum pressure sensonsidethe PPUenclosureTo gauge the risk of an unwanted glow discharge forming
internal to the PPU shield, Ad Astra compared the vacuum conductance aeridiosure (G with that of the
turbomolecular pumps (&ho9. A simple malel of the relationship between the pressure inside the PPU and that of
the chamber wassed to assess the risk

@

I n e g u a Pdisdhe chanibgr presdyd@rpdis the pessure internao the PPU enclosurend Ppasd is the
chamber pressure prior the PPU heatingup. This model assumes that the PRullthe chambeare at the same
pressuregorior to RF operatioriThe conductance rati® Gnod Crrdis approximatky 7.

After consulting Paschen limifer water \apor[10], it was determined that the existing chamber pressure sensors
woul d provide sufficient warning the reaghedagowdischarpeef or e
threshold. To make it easier to detect a potentially dangerous outgassing rate, the vacuum test was planned with only
the turbomolecular pumps operating (cryopumps Affesidual gas analyzer wal® opeated to monitor for unusual
gas loads.

14

t









