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The chemistry and dynamics of the Turbopause, 80-120 km, profoundly affect the global and regional I 5 ] S || ok During flight, the MSTR TOF-MS instrument will experience the I design
climatological behavior of the thermosphere-ionosphere system. A detailed understanding of this region is critical st 3 N %o.ooa— = o formation of a bow shock and significant aerodynamic heating. To Y
to modeling and predicting extreme, high-altitude weather systems, which can have a detrimental effect on space © i \ | |2 0006 - 2 e ,;-; ensure that the payload can accurately sample the atmospheric CFVC’gIz:‘gz'L'I\:CC:C"Ed
and ground-based products. Our knowledge of this region remains poor and is further complicated by the fact I ZZZZ 2 | & k k environment a cryogenic nosecone will reduce and collapse the Sow Shock Red
that accessing the Turbopause, in situ, is difficult and must rely on rocket flights. To improve our understanding of R %T'.‘Mh oAl H | 0_00012713581}£1%6...{5,\..1..&133134135..1.56...{57 IMmpINgIng bOW'ShOC.k at the rocke.t nosecone. A 3D printed (DMLS
this critical region, we present the Mass Spectrometry of the Turbopause Region (MSTR) instrument, a novel, S S " N S s S miz B .7 1 S E.REOP'ZLZ) cryogenic nosecon(fe will be subcooled to <20 _K_ dll"'ng hermal Zone #1 \nﬂass spectromeer
. . . . . . Thermal Zone #1 acuum Chamber

cryogenically cooled Time-Of-Flight mass spectrometer (CTOF-MS) for the first modern, simultaneous Mass spectrum of a noble gas mixture — He, Zoom-in view of the Xenon TOF spectra displaying doublet of ccl)go I;.ntTchGa nl\r:l:ITc,R anfjremgg\?ee tieerac'etc;] rj: sierr?bae:c?ead i ssc)prfdr;rrltlccaoolzz ‘
composition measurements of O, 0, , N,, N,, CO,, H,O, O,, and Ar, for the Turbopause region. MSTR is a Ne, Ar, Kr, Xe - recorded t')y W-TOF-MS. Noble  jsotopes recorded by W-TOF-  CO* (27.99435 u) and N,* (28.0055 Hamb ’ T f| dg e oc f V. X Vac““”TGe“er )
compact, high-resolution (>3000) TOF-MS payload, designed for Small Satellite and sounding rocket platforms. gas 'onrselsgiZZ:II;::;ZZ:;eZI?:’th):cclf ground Ms. u) as measured by the W-TOF MS. ioapr_nM: rsjg[epr;e\;'ehnet tcf)]el-'?:; s;r;gr;;tfce z?‘itllceiiygzgii:i;:ri Eai ) -
MSTR |s.currently planned t.o integrate with a Iow—altlt.ude-so%mdlng rocket and features a hfellum—cooled _ S _ | been numerically modeled and verified in SimCryogenics, Thermal V:Tjeim:;;m)
cryogenic nose cone that will reduce and collapse the impinging bow shock of the supersonic rocket. The goal of T e e—— 001 — il i - MSTR COIN, Resolution Single Reflection @
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the MISTR program is to directly study, in situ, the chemistry and dynamics of the Turbopause region. The MSTR o1 f - S ; ’ -
instrument is planned to launch from Poker Flatts during polar winter and will operate coincidentally with " | ]
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ground-based LIDAR and remote sensing overflights from SABER to resolve the complex temporal-spatial
dynamics of the Turbopuase. Future flights of the MSTR payload will provide valuable benchmark data to validate
Global Circulation Models (GCM) such as WACCM, Thermosphere-lonosphere-Mesosphere-Electrodynamics GCM
(TIME-GCM), and Whole Atmosphere Model (WAM). The MSTR instrument is a NASA HTIDS-funded technology
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development effort led by Orion Space Solutions (OSS) and Southwest Research Institute (SwRI). — ! as S . .
N Helium Exhaust Ports
Mass spectrum of noble gas View of the Xenon isotopes recorded TOF spectra displaying doublet of I ) S 1
mixture — He, Ne, Ar, Kr, Xe - by V-TOF-MS. Blue inset shows further =~ CO* (27.99435 u) and N,* (28.0055 E =0 “ >
Science Questions: recorded by V-TOF-MS. zoom-in of 1??Xe* and 1?6Xe* isotopes u) measured by V-TOF MS. | _ Eﬁ% \. J
. . . . . . . . 18. 68 WA . e ey .
Question. #1: What is the composition and structure of the Turbopause region as a function of altitude showcasing dynamic range. g‘?,}%" * Ram Heating >1.5 kW, initial loading
SIL TS
Relative profiles of O, 02, N2, NO, CO2, H20, and Ar volume densities as a function of altitude o Eﬂ%‘;ﬁ{ e Supercritical He Dewar
al Pressure: 2.74E-7 Torr | 22 Mar 2023 | Converted Dataset .n:.““éhv‘
16. 81 S R .
: : : : N Pressurized to <6 atm
. . . . . . . Right: The improved resolution helps quantify V-TOF e
uestion #2: Compare in-situ measured CO2 profiles (80-120 km) with those retrieved by IR radiometry at —F 15. 87 | .
g. h latitudes d r'?1 lar nicht P ( ) y Y the isotopic ratio of the minor argon isotopes ! ' ' ' | "I TH e [KI, Tine = 62 s <20 K nosecone temperature
Igh latitudes during polar nig in this example there is some interference with 1000 - ArBa.agIsau i Temperature [K1, Tine = 62 s - ~20-25 liters
the 38Ar isotope with some unknown in the VA [35.96700 u] 1 .
Question. #3: Measure the NO transport across the Turbopause, during the polar night. spectra. £ 800 |- S H redundant flow control valves
a8 ]
5 4 Reflectron . E 500 |- Detector ring artifacts i MolFlow simulation of the MSTR nosecone Thermal performance of the MSTR nosecone
TIME OF FLIGHT MASS SPECTROMETRY : ™ S o -
S 8 g g 400 ; 2 CEH; =38.01510 u i GGG L ARDVMS TRAIntegratedModel_w2\ChillLaunch_Caseg.sav
* lon packets accelerated with uniform kinetic energy and time required to move = 5|/ & BRADBURY-NIELSEN GATE g | 7 CHN = 39.01035 300
through a fixed distance is measured. E (BNG) | Ar Braseiul | 2cH =39.02293 i = e
1 : : , : » i 1 = '
« KE = =muv?, lighter ions travel faster than heavier ones and get mass separation . . : i \ 37 Ik | 240
) 2 e g ] ) 44 " ] * For ion mode analysis, a Bradbury-Nielsen ofi— | | . —— U N
The Igre.ater tb-ﬁ istance etweenI;c e sm:jr.?fe an etbector, t ? greater the mass gate (BNG) serves as an ion gating 138 14 R T 148 o
reso utlpn (ability to separate small mass differences between ions) | mechanism for admitting narrow ion -
* To achieve greater distances between the source and detector without oackets PTOF s 19 Gos et U530 A A0 s 92| £ 160
mcreashlng length (ioor;cprmt), the ion optics mhust b(e]I fololled. | - + Electroformed Ni harp wires are mounted W-TOF | | | — z 1:2
Over the course of the MSTR p'rogram, we have develope a. V-TOF-MS (single on two sides of a copper (or gold)-coated 80000 - — k £ o
reflectron) and W-TOF-MS (multiple reflectron for W-shaped flight path). N} Kapton board 5 1% 80
* W_TOZ_MS CAD drag\”nhg;hown at rI?ht \(’j\”.th lon f:lght pathb(.firajeCtOFY) in red. e Wires on Oppgsite sides of Kapton board 60000 |- ™, 3 A ; ;a}{c\z; y T~ § >
o - _ _ - = . ] ] — c g | = TR e | & 40
V-TOF aln W TOngS O.t I ave neutra a: 'on ana ZS'S ca|:)a ! ty. —= g are interleaved so adjacent wires can be: g 4§ r 1 a4 g !!-“ Fp | ”
Emp O»II ° .Brad .u.ry-Nle Se.n gate (BfNG)f orion modg and yils flioh =  Held at opposite (differing) potentials D o000 L | - 3 i 0 10 20 3 4 S0 & 70 80 9 100
° . N & . . Q ~ m o S Time, s
Mass resl,o gtlonf r|v+|ng reqU|re+ments c?r :Jture sc;un ing roc e’lc |.g ts.2 i aé to create an electric field to block the £ i ‘! : 25 g
Resolut!on of CO++versus N, +at nomlpa Im/z = 28 (Mass resolution > 2,500) § ion beam — Gate closed 3 i 5 % ;.
Resolution of Ar versus Ne” at nominal m/z = 20 * Pulsed to the same potential to createa ™[ | ST B 13 SOUNDING ROCKET MISSION CONCEPTS
field free region that the ion beam can i S /R VA B "
INSTRUMENT DESIGN W-TOF-MS currently pass through — Gate open 0 e ,‘“:--.,,W,J,.WWWJV'WWWWW'\i‘.wwlmw':,4 VR | The MSTR TOF-MS instrument will ideally launch from a high-latitude range, such as Poker Flats in Alaska, on or
T L ‘ ‘ . . 1 . I . 1 . I . L . L
| o | | under development. N '?;tﬁ'?e-lof-Fligﬁt [Qs]3'5 - ®5 near the polar winter and ideally coincide with ground-based LIDAR measurements and SABER overflights. The
Two-stage gr.ldless recta.ngula.r reflectron consisting C?f 21 field forming MSTR flight concept includes in-situ data collection between 80 and 140 km, with neutral measurement on the
rlngs and a f|eld?fre.e drlft reg.lon. Af‘ electron ionization stqrage Source  Neutrals formed 5 mm diameter up leg and ion sampling on the down leg. The MSTR instrument will be enclosed by a custom “Sleeve” vacuum
is employed for |on|zat.|on Of ‘ncoming neutrals, and a coaX|aIIY into ions aperture chamber and attached to the cryogenic cooling system and an integrated cryo pump. The MSTR instrument is
arranged Bradbury-Neilsen ion gate is employed for the analysis of — — o @:3* currently designed to fit in the elongated payload envelope defined by a standard-sounding rocket. A Black
incoming ions. A microchannel plate is used for registering the mass =T UH HE £ A K= Brandt or Terrier (I1) sounding rocket would be ideal.
ions after extraction from the source(s) 9 B I
The CTOF is fitted with a spare flight-qualified (MASPEX-Europa) . B 1 i /i IRIRER 11 o Cauid Helium Suoolv Tank
o . . . T iquid Helium Su an
electron ionization, multi-stage storage ion source having two Photograph of Kapton board inside Photograph of one set of Photograph of both sets fully assembled CMSTR Instrument Rocket Support Structure i PRy

redundant filament assemblies, low aberration acceleration and clam shell pieces to compress Ni electroform Ni harp wires of Ni harp wires showing  and compressed _
focusing elements, open, axial neutral/ion gas entry channel for ions harp wires of BNG into the same mounted on one side of interleaved alignment BNG. S i : . _
and neutrals to enter from the cryogenic bow shock reducer. plane. Kapton board. prior to compression. / 8 &
The electron ionization source employs ion storage capabilities thereby _ _ = = r
. . L. BNG Raw Current Output Vs Duty Cycle BNG W-TOF Peaks Observed Using -200 V Pusher Bias — o) o
increasing the source sensitivity 300 F—r—————————— I — D 3
When tested, the V-TOF design exceeded resolution requirements and oL ' | | ' T e T _ e 5 +
we have added an additional small static reflectron to fold the flight . . - oo T i | = 2
path into a W-path, further increasing the resolving power whiIeg MSTR Electron ionization storage time- : : ‘ =1 : =
- ’ _fli : : : -50 | . ] - _ Accurate isotope ratio 3,
maintaining the same instrument footprint of f-“ght SOUTES with - simulated N ! o [ ? g 100 - measurements are provided by both - (S 2 >
o . _ _ trajectories. Left panel shows relative g » the V-TOF and W-TOF-MS.. @ % 2
The additional resolution of the W-TOT will allow the separation of position of the aperture and BN gate. The = 100k ’(\ i E z S
near-mass compounds such as CO N, C,H,, (27.9949, 28.0061,28.0313 gas entry channel allows direct entry to E | 0% i g ﬂ c
S , : A ) S L i o ®
u), and make accurate mass measurements to differentiate nearly the ionization region. 150 L | 0% - T Vacuurm Chamber Cryopump CNo Valve Network Comtrol Tark
isobaric mass ions with higher precision i }
PERFORMANCE ' ! - L T\' i e O = ] W S S S — ' ' . Cooled Time-Of-Flight Mass Spectrometry of the
192000 192500 193000 193500 194000 194500 20 _ 40 _ 60 80 Poker Flats Research Range g p. y
] ] ] ] ] Elapsed Time [sec] Time-of-Flight [us] o Polar Ni ht Turbopause Reglon
* V-TOF and W-TOF-MS have been tested to determine performance for the following analytical figures of merit: _ 5 « Poker Flats Research Range 0 e
« Two photographs of the two TOF mass spectrometer designs are displayed below Left plot shows operation of BNG at various duty Plot at right showing first TOF spectrum obtained with BNG | ° ngh—l_.atltudes | |+ PolarNight _ -~ Altituce 10 am: A‘Boogsﬁ eg BN
. Mass resolution, Sensitivity, Dynamic Range, Isotope Ratio Measurement Accuracy cycles. At 100% duty cycle (Gate Closed), no measured operation. lons created with small ion source and gated * Chemistry dat.a is collected via | gi'gg;‘i‘znsgt'gﬁq“ﬁ?;z;eggt”;age e RN Gate lon Measurement
« A variety of gases (samples) have been tested with both the V-TOF and W-TOF-MS instruments ’OZ cur ’;‘"t' At OAI"’”_W cycle, ’"‘I’X”"“"_’ lon curr e”; into W-TOF MS;’”” BNG. Further 05“""1"“0" for S-band downlink ’QJ '(% ______________ Altitude 120 km:
« Featured below is a noble gas mixture including: helium (He), neon (Ne), argon (Ar), krypton (Kr), and xenon achieved. Duty cycle incremental steps investigated. improved performance is underway. CONOP S , \&N
: \
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MSTR ADVANTAG ES & DESIGN HIGHLIGHTS 1. Launch Altitude 75 km: Start of Turbopause ))) 1. Insitu composition of the turbopause region ‘
= B arv-  Tilte 3 Start Measurement NO, NO, O, 0,, H,0, N,, 0,, Ar and CO
ok g;?:nof‘ft R Refloctron = ' Rgziggsn; . 2. Instrument Ready ; 2. IR& in-s?tu mezasuzremeznt ozfthe co, Préfile & Altitude 60 km:
MCP Detector S ,ﬂ&;\ . —- e MSTR Design Summary V-TOF W-TOF 3. 1-70 km: Bow shock cooldown / 3. Measure NO Transport across the turbopause \\ End 0:
. M - \S R SUNT . E; Altitude 70 km: Payload Read / measuremen
- . Saanann s .Q RN - PPN YT L2 T R Mass (k 4. 70 km: Eject outer nosecone y y \
= RN TR " eddaansesa ass (kg) 7.7 kg 8.1 kg (finalize #) J /
== i N R RO ' ' - e I'm == . /
_,_H,‘! J v '/' Dimensions (cm) 61 x 26 x 8.9 66 X 26 x 8.9 5. 75 km: Instrument ready 60 km Eject Outer Nose Cone %/ \\
ENSET ] / = " . 6. 75-150 km: Collect data lon Source + Nose Cone
| ”M [ /} Cuboid Volume (cm?) 14,115 15,272 7. 150 km: Apogee Cooledto<7 & 20K S
. V-, [ | | A : . -Band Telemetry
‘ Power (W) <250* 15 8. 150 km-60 km: Collect ion data [ & Command Recovery
S — i Coincident LIDAR
14 Mass Resolution 1500-2500 2000-3500 9. 60 km: Instrument shutdown
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10.<50 km: Parachute deploy |
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ﬂ ” Launch & Cryogenic Cooldown ﬁ

« fs‘ .ni.uoallll,

Vi \,"'i? — . Data Scan Rate 12-bit 1.6 GsPS ADC 12-bit 1.6 GsPS ADC 11 Pavioad
—— 7 / _ N e ———— : .Fayload recover
a0 ) Atomic Mass 1-500u 1-500u Y y
Photograph of V-TOF-MS with labeled components Photograph of W-TOF-MS and Bradbury-Nielsen gate (BNG) CONCLUSIONS
in the TOF development vacuum chamber. incorporated on the neutral ion source currently under The MSTR-flight instrument is a compact ion and neutral time-of-flight
development. Xenon NIST reference A (% diff.) from A (% diff.) from mass spectrometer that includes a cryogenically cooled nosecone to sample
CEFRENCES e W-TOF V-TOF ratio NIST (W-TOF) NIST (V-TOF) the ambient atmosphere under high-velocity free flow conditions. This
128y o+ 0.06%6 0.072 0.0705 2.70% +2.13 % enables accurate and high-resolution, >3000, number density measurements
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