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Jn support'of the NEKas· pro-gr-am, Aerojet-Redmond Operafioos, with review and Input 
from JPL and Boeing, has eompleieij the design for a dev.elop:1tretit mOdel (DM) dladlarae 
tbaAitier assembly and main dls.eharae eatbode.assembly. Th~ efforts a loa& with die llfork 
by JPL to deYtlop the carbon-caTbon-compolite loa op~ usembly han resulted in 1 

complete loa eape dtlicn- TJae pi of tile NEXIS program is to liglllflcall1ly advance tile 
curmrt nate of the art by dcvdopiJ~~u ion ca&hae c:apable of operafia& at aa input power 
of28 kW, an • .., of7SOO sec 1ad bue a total xeooa throughput capability oflOIO q. 

In this paper we wiU describe th~ metkodolol)' used to daip tlte dlsdiiJ'Ic clla•ber ••4 
-----ftlllle4tte use~ablies ,...ltd deseribe- the .resultl~~&-flul clesi&JL Speetftes- wUI includrthe----

c:oac:epts used for tile mounting of tbt ioo optlt$ al011g with tbe c.oneepb used lor the gilnbal 
moan~ ha add.ldon, we ~II Prel!~t results of a ovlbraUonal analysis abowiac bow the en&fne 
Will respond to a typical Delta. I.V heavy vibl'lltlon spectrum. 

L lntroductioa 

As a member of the NEXIS team. Aerojet-Redmond Operations role is to design and analyze both the main 
~e chamber aad the main C&lbodt for the ion engine. This.ion engine is designed to opentte at a specific 

impulse.of~OO sec and a tolal input po'Wer of20 kW consiJtcnt with the NRA requirements for a nuclear eUdric 
propulsion mission. In addition, because of the ~term flight- oppo~unity presented by JTMO. the desip 
approach used by the desicn team is to reduce the Inherent risk by utili~ng as much fli&ht heritaac as pomble while 
still ~limi~~png·all1he Identified life liml~ng failure mechanisms. As ~result of this approach the NJ;X)S engine is 
a ring·cusp deSign with a conical dlscbll.'ge chamber with~ single tl\ennio·nic cathode similar to NSTAR and NEXT 
engine$. However, the NEXIS desigtr f~ ha$ tried to mltigllte so~ of the manufacturing and lifetime deficiencies 
associated with the NST AR design. 

R DIKbarge Chamber Desien 
The goal oftbe NEXIS program is to design a 20 kW ion ettginc that-s-an operate at a speoific impulse of7SOO 

sec and has a total throughput capabilliy of gJCater than 100 k&/kWe. Also as part of the llesign we are trying to 
minimize the specific mus of the en&lne with the goal of a very ambitious I kglkWe. The spcafic NRA 
requirement, however, is to be bct1er-ttian the. present NSTAR design of3.6 kaf'kWe. Usin& those requirements and 
data from the NST AR testing, JPL establi&hed the maanetic field, the discharge c;bamber diameter and the active 
beam an:a. They determined that a 6-ring· m~tanetic fieJd configuration was··optimal and that the. discharge cham~r 

• Engineering Specialist, Systems and T-"hnoiOJY Development. AIAA Member; 
t NEXIS Principle Investigator. Advanced Propulsion Technology Group) Senior AJAA Member. 
; NEXIS Program Manager, Advanced JJropulsjon Technology Gro~o~p, Senior AIAA Member. 

Copyrig/iJ ~ 2004 lly At~ro)tt Gt~Mral Col]i9rati<M PNbllsMd lly rhc hrmcanln.stilltk Q.[ Atronallllcs and Astronmd/c$ wilh 
pe~ Atrojf!l appt"DWll log. No::xxx-:u. 

I 
American Institute of Aeronautics and Astronautics 



dtameter should be 65 em to get a uniform 57-cm diameter 
ion beam. Using these requirements, Aerojet developed the 
conceptual design presented in Fig. I. 

A. Challenges and Technical Sclutions: 
In addition to the aggressive design requirements, several 
design challenges were identified including 
manufacturability. structural integrity. and sub-component 
integration. Specifically, these sub-components involve 
mounting the ion optics to the discharge chamber, the 
introduction of the xenon propellant, and the main discharge 
cathode. 

I. Manufacturability: 
One of Aerojet's core competencies is in the design and 
manufacturing of flight qualified propulsion system 
hardware and in the NEXIS program we have leveraged this 
expertise to design an ion engine that satisfies the technical 
requirements while still being cost effective and 
manufacturable. Pictured in Fig. 2 is a view of the 
discharge chamber showing the two major elements of the 
chamber. The first is a machined component that forms the 
cylindrical section of the chamber and is also the main 
structural element from which the majority of the other 
components are mounted. The second is a spun-form part 
that creates the back conical section of the chamber. Onto 
this conic section are mounted the magnet rings and the 
main discharge cathode. Using this combination of 
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Fleure I Conceptual view of the 2Cl kWc 
NEXIS ion enetne sbowine two of three 
gimbal mounts and the neutralizer 

machined and spun pans allows a precision machined component to control the critical dimensions associated with 
the mounting of the ion optics and gimbal pads. \"hile a less expensive spun pan is used for the less tolerance critical 
components such as the bock conic section. The greatest advantage to using a machined part within the discharge 

Mounting 
Ring 

Conic 
Section 

Figure l Sub-Elements of the NEXIS dischar-J:e 
chamber. The chamber Is constructed from two main 
elements, the mounting ring and the back conic 
section 
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chamber is that it removes the tolerance issues that 
arise from using several spun-form parts to create 
tight tolerance assemblies, as is the case for the 
current state of the an designs. In addition to 
providing good dimensional control, this machined 
part serves as the main structural member for the 
engine and having it machined from solid stock 
allows the freedom to tailor the design as required to 
ensure that we have an optimal structural design. 

1. Jon Optics Mounting: 
One of the life-limiting wear mechanisms that 

has been identified for ion engines is erosion of the 
ion optics leading to either e"<cessive electron back
streaming or structural failure of the grids. To 
eliminate this wear-out mechanism from the NEXIS 
ion engine. JPL has designed a set of carbon-carbon 
composite ion optics. While this new ion optics 
de$ign minimiz.es the erosion of the grids, it 
introduces a new set of design complications. The 
first of these is the difference in the thermal 
coefficient of expansion between the carbon-carbon 
and the metallic discharge chamber. As the 
discharge chamber temperature increases from room 
temperature to -300 °C, the grid set diameter 
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remains unchanged while the discharge chamber 
diameter inaeases by -3 mm. This can cause 
localiz.ed overs~ssing of the ion engine or worse 
cause a local deflection in the grid set changing the 
local prevcancc. To minimize this possibility, an 
ion optics mounting structure was designed that is 
stiff along the thrust axis yet fairly compliant in the 
radial direction. A picture of the mounting flexures 
is presented as Fig. 3. The rectangular cross
section of the mounts creates a very large bending 
moment in the thrust direction while the thin 
webbtng allows for compliance in the radial 
direetion. To provide tbe necessary strength to 
hold the mass of the optics, there are 9 pairs of 
flexures equally spaced around the circumference 
of the discharge chamber. 

J. Propellant Injection: 
Bnsed upon flow modeling performed by JPL, 

it was determined that an optimal location for 
injeeting the xenon propeiiMt into the discharge 
chamber was halfway upstream the cylindrical 
section of the discharge chamber and with an initial 
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Figure 3 Sub-Elements of the ~EX IS disc:haree 
chamber. The chamber is constructed from two main 
elements, the mounting rine and the back conic: 
sedlon 

angle of 45° upstream. To satisfy these requirements a special plenum section was designed into the main structural 
element as depicted in Fig. 4. This figure is a close-up view of the cylindrical section of the discharge chamber and 
for reference the downstream direction is indicated on the figure. The propellant plenum is created by machining a 
triangular channel into the structural member and then covering this small channel with a thin strip of either sheet or 
flake retention material. The propellant entered the discharge chamber through a series of small holes creates in the 
thin covering material. To assure good propcll:mt uniformity, the pressure drop along the length of the plenum was 

Structural Member 

Propellant Plenum 

Downstream Direction 

Figure 4 Cross-sectional view of the propellant injection. Based upon modeline performed at JPL the optimal 
perrorrnance is cxpeeted to occur with the propellant injected at a slleht anele upstre.m. 
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~omputed using a Hagen-PoiseuiUe tlow.!Jpproximotion. Using this approximation, the pressure drop for a specified 

length oftubing. c~n be computed as· AP = ~ 28~"m where pis the visCOsity., 'Pis the densityl m is.thc mass 
pd 

flow rate, de is the disc:har&e chamber diameter, and dis tho characteristic diameter of the flow plenum. For the flow 
rates associated with the NEXJS engine, the· pressure drop alona the length of the plenum was computed to be less 
than 1 psi for an inlet pressure ofS psi. 

4. High Voltage /so/4tion Design: 
The 7500 sec specific: impulse requirement oflhe NRA together with- the assumed engine efficiency indieated 

that the NEXlS ion engine wiR be required to operate at a beam voltage of -5600 V which is significantly above the 
current state of the art for ion engines. To give the design some more operat(qnal margin and added flex:ibility, it 
was decided that the. ion engine would be designed to operating at a beam voltage of7,500 V and the isolators would 
be designed to hold off -lO,OOOV. This gives a 30% o.perational margin 1nd an 80% design margjn. Using 
conventional design criteria, the·rough dimensions of the various high voltage isolation components were computed. 
To satisfy the conventional vacuum ~ surface breakdown limit&, the isolators were desianed to have a ~um gap 
of at least 25 mm between the different potential surraces. 1n addition, to prevent surface conduction along the 
surface of the ceramics. they need to be at least 2 em in length. The voltage isolation between the gimbal mounts 
and the main structural element of the discharge ~hamber is a~complished using a compressed isolator design 
similar to that used on tbo NST AR engine. Presented on Fig. 5 is a cross-sectional view of tle isolator design used 
to mount the gimbal pads to the discharge chamber. This isolator consists of 4 ceramic insulators that provide the 
separation between the two potential surfaces and a polymer sleeve to provide alignment between the insulators and 
the bolt. Since ceramics do not handle tensHe loads well, a through bolt is used to provide a significant ~pressive 
load on the insulator stack ensuring that the ceramic will remain in compression and will not sepante during 
vibrat.iQnal loading. The final element presented in the figure are the fOur sputter shields that prevent .sputtered 
material from bein& dep<»ited on the i.n~ulator surfaces, decreasing the voltage stand-off capability. 

Gimbal Mount\ Discharge Chamber 

Through 
Bolt 

Wasber7 Ceramic Insulator ----------------------

/ 
Fipre 5 ID.gb YOibge isolator design that .~n provide up to 10 kY oi rsotatiDn. ShaJiar to the current state of the 
art. ttUs isolator Is desiped to have the ceraJillcs remain in compression throop-out llsloadiac. 
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m DJscbarge Cathode Jle,sign: 
--------JKCause-of..the.h.igll-tbfqugb~"~~~NIV., ·a..ncw..discbarge.catbode..design..was-dcv.c.loped...-Ibis.-ne:.w-------

·cadlode design was a coUaborative effort where JPL developed th~ emitter portion, BEDD deveiQped ~ brazed 
graphite keeper -assembly; and Aerojet developed tbe:slructure to interface these c:Otnponents with 'the discharge 
chamber. The magnetic ficld 'modeliitg completed by JPL detennlned that th~ cathode· orifice had to be placed a 
very specific distance downStrcalwoftbe upstieam face of the cathode magnet'ring and centered within the magnetic 

---------..teld. Based upon Uiese ~u reme.nts. tlieNEXIS team developed. the catli.Oaedes1gn pre~;entWlnthe expJOaca•--------
vicw of Fig. 6 . . As ~hown in the figure. the cathode design utilizes two snap nlliS to hold the cathode tube within the 
ccnunic ·iso~tor and to hold the entire assembly to the mountiqg tlange. niis deiign is in contrast to the current 
state of the act <:athocJes itlat are typically a completely brazed asse'nibly. This eliminates the concerns with a 

--------oomplete~mbly-i-n-that-any-problemS-thawna~ng-Ule-fmal braze step-can-re$Uit-in..scRlppinx-g 1'-8------
high·value put, In addjtion, the high throughput of the NEXlS engine requi~s'lbaf extreme care be taken to prevent 
contaminating the barium source matetial within the discharge cathode. This i'n turrt requires !,hat extremecare·must 
lie taken widi tbe discharge <:athod~ once it has been filled with the source .materi~. As an example, once the 
t~mperature of the barium source material·has been rai~d above 1000 oc It be(;omes aetive and fr&m that point on it 
should always be stored in an inert, dryeoviro.nment These requirements als.o have- impacts pport h~w the cathode 
is ~nufactured. For expmple, ·once the reservoir cathode tube is received, no process.ins step in the· manufa~uring 
of the final assembly -sh~ld involve temperatures h'i.gher than 1000 °C or inv.o'lve higlrtemperatures in an oxidjzing 
environment. This means that the number·of btaze ste~ for the final assembly should be minimized :and those that 
are required muSt & done at tempel1l{Ures less than lOOO oc. 

Cathode Keeper 

Cathode 
Isolator 

Cathode Tube w.ith the 
swaged heater and heat 
shield 

Primary. Snap Ring 

, Heater and Keeper 

~~Tmmllion 
~· . 

------lf'l .. !!Uf'e-6-Ex.p,lo~~~-of-tbe-NEXIS-M:J!ln-Qbdtarae.:..Cadlolle. This qtbode.-.tw-been-driiped-to-.uc-.~aq:..----
assembled a's' well as serviceable du.ring.inltial deveJot).menttestin& 

IV. Structural Design 

Upon completio~ of the co.nceptual desi~ a structural analysis was performed on the discharge chamber to 
determine both . its fuadwntal ftequeneies and its response to a random vibration excitatio1l. For this analysis a 
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mass of 19 kg was used for the discharge chamber. 5.5 kg for the ion optics. and 0.32 kg fol' the. discharge cathode. 
The initial modal analysis calculated approximately 350 ntodes in the ~uency fling~. from 82 to 2000 Hz with SO 
of them beiug below a frequency of 600Hz. The majority of the b1gh frcqucn~y mode.s: are pomplex plate 
movements of the discharP,cbamber and arc notsignificant. The lowest frequency determined in thC>analysis·was 
82 Hz and it was an axial movement of' the neu~izer bracket as pictured in Fig. 7. AlthOugh this frequ~ncy is 
higher than the min.imum req'!iirement of SO Hz, to give the design more· rob'ustness the neutniliur will be moved 
closer to the discbarge·chamber.and a ~oncLanchor p<)int will be added. Tlle'·llext vibratiOn mo.de in the design 
oecurs at. 90 Hz and is · pietured in Fig, s~ lit this mode the gimbal mount ppdS rot~rte aroun~ the main struc~ural 
eiement ofthe.diScharge chamber. 

Figure 1 The n·rst fuoda11,1ental frequ~cy of tile present NEXJS 
Wscharge cllam~·ls-•nad&Jmovement of·the nelitral~r mou:ntina· 
bncket. N()'f.~: :nie dupiJIC!emeilts iild.lcsted by mu. ragure ·are 
tr6tty·elabanted ror elArlty 

The ·first frequency involvirrg the 
grid set, which .Is ·~f prilllBfY concern 
due to the bri~le nature of carbon
carbon composites, oocllTS ai 110Hz. 
This: mode, pictUred. on Fig. 7, 
involves. the gtld set rotating 
circumferenti~ly around the, discharge 
chamber rn ·unison. ltshould be noted 
that since 1lie material chaiucteristics 
of the carbop-carbon composite grid 
set-~not well known, it waS modeled 
as a .rigid plate fixed to the flexures 
having a mass of 5..5 kg. The next 
JiigGest frequency Q'IOde found in the 
design occurred at 113 Hz. and is 
shown in Fig. 10. 11J,js O)Ode inv.olves 
the discharge catb.ode oscillating 
axially up and down like a bass 

speaker. The .rest of the modes found in the analysis are high frequency, cotnpl~x movements of'tbe conic sections 
of the dischar~e chamber such as the 624 Hz mode shovin Fig. II . It should be noted that because of the high 
frequency of this mode, the .energy levols are small and the deflections do not lnduco any signrficant stre55es in the 
discharge chamber. Hence, tbfs and the other high frequency modes can in ge-neral be ignored. 

V. Conclusloa 
As part of the JPL NEXIS 

progra,m. Aerojct Redmond 
Operations along with help from 
JPL. and BEDD have ·developed a 
conceptual design for a 20 kW ion 
engJne. This engine ca'n opetate al a 
specjfic impulse of 7.SOP $e.C and has 
a total c~pa,bility of 

also minimizes the -s~ific ma.Ss of 
the engine, surpassing the 
requirement of less th~ 3.6 kglkWe. 
The C\lm:Rt design of the ~gine , 
including the ion opti~. bas a mass 
of approximately 2.9.\cg. this results 
in a specific "'ass ?f approximately· 
1.5 kglkWe. The d1schai'ge chamber 
has been designed with a su'llicient 
margin to allow it to operate from a 
specjfic impuJse.of7.SOO sec to over 
9,000 sec. 

Fipre 8 The rotatio~ of the eimbal mount bntkets ·around the 
struetunl frame of the.msdlarc~ ehamber oc~urs at 9o Hz. NO:rE: 
TJte dis-placements tndieated by tb'is ftgure are creatly enhanced for 
clarity 
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Fi~-9 ~e fi.~' ~()de !t~el!l,~d with the grid nexures Is a 
rotational m.ode that oce.urs ~at- -about UO ·Hz. NOTE: Tlae 
displacements lndicat~ by thf• 1rgiire are ·,.-'t.y eohan~ed for 
dariiy. 

t 

Ffaure JO "Speaker" mode' of .vibtati~n .lndu~ by th.e mssJ of tile 
eat bode, r~n.a,t,inc up , and do WI\ like ~he . .<one ·of 'a s~ur. ~Ol'E: 
Tke dispbcem_elits' .Jndk:ated .by this figure Jlre. &ready >enhanted (or 
clarity. · 
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Fiaure 11 Ao ex~la'ple of the high frequency complex motion of tile conic 
sedio•• or tbe disebarg-e ehamber. This mode occun at 624 Hz aDd laeace 
bas wry little energy to e~use damage to the eacfue. NOTE: The 
dlsplaecments indicated by tbis ftprc arc grady enhanced for clarity. 
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