Redesign of the VAPoR Miniaturized
Pyrolysis TOFMS for Improved Sensitivity

Adrian Southard

NASA Goddard Space Flight Center and University
Space Research Agency

Additional authors: Stephanie A. Getty, Carl Kotecki,
Steve Feng, Danny Glavin (PI)

HEMS Workshop September 19-22, 2011



Goddard Space Flight Center NASA

,S-ul Conservation Road

. Visitar
= Cenler
-

S\
III"\.

L

NASA
Goddard Space
Flight Center

—=— To Annapolis




Planetary Targets for In Situ Instruments N(@sp

Saturn

Icy Small Bodies: Asteroids
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Planetary Mass Spec: State of the Art

Pyrolysis Gas Chromatograph
Quadrupole Mass Spectrometer

— part of Sample Analysis at Mars
Instrument Suite

Opportunities for improvement: over
1) Miniaturization

2) Lower power
 QMS SImifar 10 HUygens >

-m~13kg, P~145W
 Thermionic fllaments are used

to ionize pyrolysis products or
atmospheric gases




VAPOR - Volatile Analysis by Pyrolysis of Regolith
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VAPOR Measurements of Lunar

Atmosphere and Regolith

Objective Instrument Target Measurements Temp. Range (°C)
Atmospheric volatiles n/a
2— ¢ | H,0, H,, CO,, CO,N,, SO, from regolith 100-1200
o O B | DM ratio in H,0 0-800
=z | =8
© @) 13C/*2C ratio of CO, 100-1200
S 15N/14N ratio in N, 600-1200
o) © & [He, Ne, Ar, Kr, Xe, and Rn 300-1300
Q
A= © ® ine (3He/AHe 36Ar/40Ar 129%a/136 He: 200-500
> = (p |!sotope ratios (*He/*He, 3CAr/40Ar, 129Xe/*35Xe) xe/Ar 300-1300
S
O §3 13C/*2C ratio in CO, from organics combustion 400-500
C
S
o Volatile hydrocarbons: methane, ethane, benzene,
= . 300-1000
@) amines, alcohols, formaldehyde
7] Water-ice in regolith 0-100
© 5
1100-1
§ T O, 00-1300
N HCN/NH,: 100-900
é = Reduced gasses such as HCN, NH;, and H,S H,S: 700-1300

3He relative abundance

He: 200-500




How the TOFMS works (old design)

Electron impact ionization of volatile species
followed by ion acceleration through reflectron.

Extended lon Source CNT e-gun cathode
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Miniaturized Time-of-Flight Mass Spectrometer

MEMS Integratlon of CNT e-gun for clean packaging

el * Long lifetime
; Sou‘rce * Reduced current noise
B | - Reliable fabrication

—

SIMION model

_lon source

_Reflectror

Back plate
simulating MCP and
housing



NEW DESIGN with cross section

lon source cross-
section

Cathode

Electron beam

lon source

Top
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Carbon Nanotube Electron Gun

!

B 1

! Carbon Nanotube field emitters
— Low power (100x < thermionic)
— Scalable for high sensitivity, redundancy
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Previous Work: Field Emission in CNTs

» Fowler-Nordheim Tunneling o7 derieenh Chasian b feare 089
—3 =Field enhancement factor n4§2$ f
—Reported values of B vary from g g /
400-1200 (for MWCNTS) = 155

AL
3

3/2 0.2} L g
|—KE exp(——j ﬂ_Bi 0.1}

2

0 . - . -
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CNT E-gun for Mini Mass Spec

» Fowler-Nordheim & e
behavior confirmed Lol S
— B~1500

» 100s of microamps of 5o
emitted current w0

« Recent tests show current s voage
persists after initial drop o :l
off and other devices 28] ﬁ
have persisted for several = e
hundred hours in high <
vacuum? i —

-33 1 [Ries Sope | 2Sexaes | TR

0.14 0.16 018 020 022 0.24 0.26
1/E(um/V)
[1]S. A. Getty et al., “Effect of nitrogen gas on the lifetime of carbon nanotube field emitters for electron-impact
ionization mass spectrometry, ” 2008, vol. 6959, pp. 695907-695907-10.



10N

Extract

ion

Izat

c
o

folg

lat

S

=
"
O
o
S
@)
%
c
O
Z
O
=
0p)

Cathode

F2

Top

1

LL

Bottom

g

LA
s
K0
AR
K%

AR
AR
KRR

oo
AR,
rooseitetotoscstes
Vo
BN
55

XXXXKE R
XXX
XS TRRRRL

S RALINERRL
(S SEKILEELILL
S IEEEERRR 7
L R RN
S KL XXX \
(B K XXKIX R
(S SIRIIERNI RN N
I R BRI BNNAKKRA
R R R B X BB RA)
S B A RIS
SRR RN AKX RXACKXY
S S R AR
SRR RN XS
4 AN
S SR AR
SRR AKX
S SRRIRRAAIRNBRX
S S S S SRR
XXX S A IURR XU XXX XK XXX XKAX
S S S S S S RN
SIS XXX
B S SIS S S S RN,
S S S oS S =S KRN
SIS S S S AKX
S S S S s BB,
S S S S S RS
SIS I S S S S RN,
S A S S S S AKX
O s,
. (NN
S S S SRR

=

4
00
K00
R
X
W
W
N
o

%
S

RRXXKL
%
:g ‘h&‘
SRR
SR
QIRREXN
X ‘“
N
AN
\
A\

—
5

X
S

R
W
WY
s
W
s

\“‘

%
S

%%
35S
25
KX
!
K

S
X
W
\
W
W
W
I

\
I\
!

S

335

o

3
R

N
{

NN

)
T
oy
T
W\
N

%

S
%

3%

R

1IN

X
3
S

X
3
s““‘

R

2
>

/50008,
CODSSSS R
AAOASSEN0
XAAAKXARKER
% &
$595,099,0,0,0,009,
5 9%59,9,9,0,0,0.099,
50 0,0,0,0,9,9,9.0.99,
0000 00,0.0,0,099,
909%%9,%,9,9,9,9.0.9.9%
95%%99,9,9,9,9,0,9.9.9,
R XSS5
% 2025555555 5.%9.9.9.9%
X XAXKAXXX X 9% 5% 05550 0,0,9.0.9%
EARAERRXX XX SSISSRRL
QUUAXXXX XXX 9 5%590,0,0,0,0,0,0,0.08,
IS 0 0.0,09,0,0,0,0,0,9.9:%
EAEESASS S 9595590,9,0,4,0,9.9.0,
400000000 $99,9,5,0,0,0,0,0.0:0,
WIALLLLY. NLLLLLE 0009,
9955 X
000 UU000,0.9,0,0,0. .99,
e ?
007 REXX XXX XA S Y
919977 AKX XX A<
XK KX KIS
A Y IR X IR S >
97007 ORI o 90
R ————F
/ e "lll
XX CKUXXRXKXXXXXXX —

KX
R
XX
..““““"“............. X0

XX XXX

XU RXR XK XX

R

XX XX
XXX
RN
0

XXX

48
XX
G

&
A0
AR08
AR,
A0S
A
A0
KON
AR
ARARKNK
SIS
SN0
NI
AR
Codoteicalatatoretey

Rise time

oo
3%
X,
%
b
3
oS
R
S
o
X

SIS

QX

el
RS
RS
RS
QR
05
S
35S
RS
3RS
%
S
3%
5
3
%
<2
2
<2
2

QN
R
S
R

&,
%S
&
&

=
\
X
N
S,
SRS
K
K
“‘
Q‘Q
X
%
X
00
o0,
%
0o
2020,
oS
0’0
/‘0

o
O
o

R
0
X
<SS
X,
QK.
Q‘y
':Q
3
XSS
o
K
2
000

R,
R

x
=
X
3!
S

0o

S
S
5
o
‘o“
‘“&
XL
Q8
XK
2R
%o %
RS

X2
S00%e
QR
%9.:%

o

S
N
S
X
S
X
X

X
%
S
X
KK
005%s
K5
29%%
002,

o0
X3
55

%
>

X
X5

XXX

X0

SR
&S
-
5
3
%S
06%
27K25
2K

R
%
4%&»

\‘v‘.
XXX
R
RS
XXX
XA
0
BN
K
(%0

W SRS
WS
NS
‘ “$ ::‘
o
0

3%
‘\::‘
’:E
%
%

S
S
X

i
I

RIS
R
S
I

i

XX

0
iy
l

25 N\

%

il
i
)
‘\“
.

0
.

0,""
(
N
X

0
XX
X
N\
W
D

3
K
0
X
X

%

)

&
\“:‘
\‘\
W
W
\%{
%\\\
I

%

2%
XX
XX)
Q
Q‘

Ny
N
A
A
Al
Y
)

“
X

>

S%e %4
SXZ

KL

S

<R

3
o
X

<L
3

X

o3
3
K

\\“:“

o
W\
W

X

%%
X

i
i
T
A\

NN
N
\Y

N\

oOe¥%
<
5
<3S,
oles
3
“:
N

R

N

RN

R

N

3
‘V

Sogss
o5
R
%
395

I
IR

3

3o
R0

392

s

.oc

SR

2o
392

3

4 XXX
AKX KRN X XRAXXX
o:o:..oooooo%.o.oo..

A
RN
R
e
XA
RRORRRA0000000K
ORI

(XXX KOO
W
(XX
(ORI
AAXX (4
A%
5

R
QKK
LR

0%

R
e
KX

XXX
RN,
XXX
AKARKERED
KRR
RO
AR
% o0

CRRXRRX

XURRRXKL

."ooooooo:
&

SRR

L ILRRRLK
$0¢0000000000000000000“0“0“0"0“0“0“0“0“0
QRERRAKLL

Extraction phase

RS
XA
KXRRRRXAR
RN

0
70
X0

X
AR
.."..“"“.“”“”""“.“....:.
BRI

XX 0

RRRRXRXX
XXXXXKXXRX
AR
XXXAXXKXXE
XXX
XXX XXAXKXNE
XXAXXXXXXXXRS
000000004
A XXRXXXXX XY
R
XX

K%
el

lonization phase

(0.4-0.9 us)

(20 us)



flectron operation modes

Linear Mode

Reflected Mode

lon source

Microchannel Plate Detector

Microchannel Plate Detector

Reflectron




SIMION vs. experiment

Simulated vs. experimental TOF

H20 peak (ps) N2 peak (us) CO2 peak (us)
SIMION 3.15 3.91 491
Experiment 3.168 3.944 4.96

SIMION model and experiment deviate by <50ns




Linear MCP counts

2000 -

1000 -

N
“l\o) i g,w’"

Pulse duration
400 ns
—— 500 ns
—— 600 ns
— 700 ns
—— 800 ns
— 900 ns

Cco,

N’qu*k ““m m

el ] )

Red time markers indicate CO, ion
position every 100 ns starting at t=0

3000

4000
TOF(ns)

5000



Knudsen cell

Knudsen cell testing:
*Used for preliminary testing
wes  eHeated up to 500

= °*Sample packed into quartz tube




Linear MCP counts

MARS simulant heated to 500 °C using a

Knudsen cell

120000

100000 ~

80000

60000

40000

20000

Temperature(°C)

—215
—50

—— 100
— 150
—— 200
—250
—— 300
— 350
— 400
—— 450
—— 500

0 B T

Mass (g/mole)

Linear Counts

100000 -

80000

60000

40000

20000

0 100 200 300 400 500
Temperature (C)

* Mass accuracy to within 0.2 Daltons via calibration to H,O and CO,
* OH, H,0O evolved at 200 € while N,/CO, O,, CO, evolved at 400 <



Lens Voltage(V)

Reflected mode spectra

i

lon flight direction
Higher scales -> Steeper voltage ramp ->

Voltage variation within &
plane

Non-linear circular
voltage ramp, scale =35

327029029
2220020
$505555552

highest mass resolution water peak seale #
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Comparison between linear and reflected

mode u@.ﬁ

2 m
g o TZW Mass resolution (H,0)= 130
g N, T Sensitivity 3 counts per pulse
5 ST 7% transmission (SIMION)
S 2000
3
2 LO
5 |
O_ T
2000 4000 6000
Time(ns)
140—- HZO
120
% 100 +
o o Mass resolution (H,0)= 130
S o0 N Sensitivity 0.1 counts per pulse
g - i 0.3% transmission (SIMION)
& ]
20 H 02
3 sk MW T Pl e s,
2500 5000 7500 10000

Time of flight (ns)



Opportunities for TOF performance

Improvement:

Change

*Optimize emitter/grid geometry (increased current)
*Vertical pillar growth (increased current)
*Wider MCP detector under ion source

sIncrease apertures in ion source

*Modify geometry of ion source

*Time lag focusing through pulsed e-gun
sImprove field definition in reflectron w/ plates and
fewer floating electrodes

Use of other carbon based emitters

Static —Dynamic
*Refine initial kinetic energy distribution

Replace Knudsen cell with VAPOR oven

PROS

Increase
sensitivity

Increase mass
resolution

Improve emitter
lifetime

Better simulation

Integration with
VAPOR

Decrease
resolution

Decrease
sensitivity



Acknowledgements

GSFC Planetary Environments

Lab GSFC Materials Engineering
*Daniel Glavin Branch

«Paul Mahaffy « Stephanie Getty

«Charles Malespin + Greg Hidrobo

*Marvin Noreiga

*\Vince Holmes GSFC Detector Systems Branch
Inge Ten Kate » Carl Kotecki

«Dan Carrigan * Nicholas Costen

*William Brinckerhoff * Larry Hess

*Ray Bendt * Mary Li

» Patrick Roman

Instrument Electronics Development  Audrey Ewin
Branch

Steve Feng

Instrument Systems Branch
Todd King

Honeybee Robotics
Eric Mumm

This work was supported by the ASTID program, NASA Innovation Fund, and the
GSFC Internal Research and Development Program



