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Laboratory Studies in Support of 
A

stronom
ical O

bservations!

L
ab

oratory A
strop

h
ysics &

 A
stroch

em
istry:  

C
osm

ic S
im

u
lation

 C
h

am
b

er (C
O

S
m

IC
) 

U
V

-V
is-N

IR
, M

S
 L

ab
 Facility  

 Sim
ulation C

ham
bers for the Form

ation/Processing and the A
nalysis 

of Interstellar, Planetary and Lunar  m
aterials  

  
 R

esearch
 T

h
em

e: T
h

e M
olecu

lar U
n

iverse 
 C

u
rren

t R
esearch

 P
rojects: 

 A
strop

h
ysics &

 A
stroch

em
istry: "

• Search for the signature of carbon m
olecules (PA

H
s, fullerenes, ...) U

V
/V

is/N
IR

 

•  N
ature m

olecular carriers contributing to G
alactic and Extragalactic extinction  

• M
olecular carriers of the D

iffuse Interstellar Bands (D
IBs) U

V
/V

is/N
IR

 (H
ST/

C
O

S; JW
ST; V

LT/ED
IBLES)"

•  Form
ation of circum

stellar and interstellar carbon grains from
 m

olecular 

precursors (H
ST/C

O
S; JW

ST).   

•  C
om

plex organic m
olecules in space (ISS/EX

PO
SE-R

/EX
O

cube).  
 S

olar S
ystem

: 

•  Form
ation of aerosols in the atm

osphere of Titan (C
assini).  

•  C
om

plex organic m
olecules in space (ISS/EX

PO
SE-R

/EX
O

cube). 
 L

u
n

ar: 

•  D
ust A

ctivation/M
itigation (surface reactivity).  

H
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"A
strophysics: "

• 
Energy budget and signature of arom

atic carbon 
m

olecules "
• 

PA
H

s &
 G

rain form
ation "

Planetary: "
• 

Titan’s atm
osphere (haze)"

"ISS: "
• 

Exposure experim
ents on com

plex organic m
olecules"
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"A
strophysics: "

• 
Energy budget and signature of arom

atic carbon 
m

olecules "
• 

PA
H

s &
 G

rain form
ation "

Planetary: "
• 

Titan’s atm
osphere (haze)"

"ISS: "
• 

Exposure experim
ents on com

plex organic m
olecules"
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The Stellar Life Cycle and Evolution of Cosm
ic Carbon"
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Principal features: 
– G

eneral rise from
 IR

 to V
U

V
 (∼ 0.1 µm

)"
– 18 µm

 and 10 µm
: O

-S
i-O

 bend and S
i-0 stretch in am

orphous silicates"
– 3.4 µm

: C
-H

 stretch in hydrocarbons"
– 0.2175 µm

 (~4.6 µm
-1): �2200 Å

 bum
p
�. P

robably π
 →

 π
∗ electronic transition  

   in sp2-bonded carbon (e.g., graphite or PA
H

)"
– > 400 w

eak features – the D
iffuse Interstellar B

ands (D
IB

s) – still unidentified. 

C
om

position of IS D
ust: O

bserved Spectral Features 

2M
A

S
S

/S
D

S
S

 M
W

 D
IB

 survey H
 B

and 

H
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The IS em
ission spectra represent the 

com
posite em

ission of a com
plex 

m
ixture of arom

atic com
pounds. The 

features are not resolvable, but show
 

subtle variations.!
!The ISO-SW

S spectra of the planetary 
nebula NGC 7027 and the Photo-
Dissociation region at the Orion Bar 
illustrate the richness and variety of 
the UIR spectrum

. Also indicated are 
the arom

atic m
ode identifications of 

the m
ajor UIR features (Adapted from

 
Peeters et al., 2004, Astrophysics of 
Dust)!

H
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• 
First discovered in 1922!

• 
O

f interstellar origin - ubiquitous carrier(s) - very stable!
• 

Currently > 300 know
n DIBs (Narrow

: 1-2 Å to Broad: 20 Å) !
• 

DIBs fall at constant w
avelengths!

• 
Spectral fingerprint of m

olecules in space!
• 

Superim
posed on IS extinction curve!

• 
1922: H

eger!
!2!

• 
1934: M

errill
!4!

• 
1975: H

erbig
!+ 39!

• 
1995: H

erbig
!+ 127!

• 
2000: O

�Tuairisg + 226!
• 

2003: York
! > 400!

H
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M
ap$of$the$Diffuse$Interstellar$Bands$in$the$M

ilky$W
ay$$
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D
iffuse Interstellar Bands in the M

agellanic C
louds!

LM
C


SM
C


M
W


V
LT

-U
V

ES

5

7
8

0

5

7
9

7


Salam
a et al. A

pJ 1999; Ehrenfreund et al. A
pJ 2002"

IS D
ust 

Large M
agellanic C

loud 

Sm
all M

agellanic C
loud 

H
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Polycyclic Arom
atic H

ydrocarbons"

100 K 

200 K 

M
eteorites 

ISM
 Infrared Em

ission 

ID
Ps 

Planetary Atm
ospheres,  

R
ings  &

 Surfaces 

R
R
 Blue Lum

inescence 

D
IBs 

Com
ets 

H
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M
atrix Isolation Spectroscopy (M

IS) C
ham

ber !

 M
atrix Isolation S

pectroscopy (M
IS

) provides:  
• 

Low
 tem

perature (5 K
) 

• 
Low

 density (m
olecule/ion fully isolated) 

• 
H

igh-energy photons (V
U

V
)  

• 
S

olid phase 

N
e M

atrix-em
bedded m

olecules 

A
dapted from

 H
oneycutt et al. 2003 

M
easuring laboratory spectra under astrophysically relevant conditions -  

R
equirem

ents: M
olecules &

 Ions: 1: Free -  2:  C
old  - 3:  Exposed to VU

V photons  

A
. C

hristie (S
lim

film
s.com

)  
in B

ernstein et al. 1999 

H
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Preparatory Investigations: M
IS Electronic Absorption Spectra of PAH Neutrals & ions !
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 Figure 5.  Spectra for PA
H

 neutral m
olecules, cations, and photofragm

ents
 containing the pyrene chrom

ophore.  The bands m
arked w

ith an * are
 assigned to an electronic origin w

ithin the m
olecule or ion.
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Preparatory Investigations: M
IS Electronic Absorption Spectra of C

20 H
12 , C

30 H
16 , C

40 H
20 and 

C
48 H

20 Cations (+) and Anions (-)!

R
uiterkam

p et al. A&
A 2002; H

alasinski et al. JPC 2003; W
eism

an et al. ApJ 2003 
H

IFO
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S
alam

a et al. 1999 
H
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+ G
eneral conclusions:  - spectral characteristics as function of charge state,  

m
olecular size and structure (com

pact vs. non-com
pact; etc…

).  
H

IFO
L M
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S
alam

a et al. A
pJ 1996 
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
 H

igh colum
n density (10 cm

-long slit) 


 H
igh pressure (1 bar) and tem

perature (300 C
) reservoir 


 G

enerates intense short gas pulses 

 G

enerates (plasm
a) and stabilize (supersonic expansion) transient species 

M
easuring Laboratory Spectra U

nder A
strophysically R

elevant C
onditions:  

C
om

bine PD
N

 + C
R

D
S + o-R

eTO
F-M

S: Free jet expansion + cavity ringdow
n  

spectroscopy + tim
e-of-flight m

ass spectrom
etry 

R
eTO

F-M
S 

C
avity  

R
ing D

ow
n  

Spectroscopy 

Sim
ulation  

C
ham

ber (PD
N

) 

H
IFO
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Sim
ulation !

C
ham

ber!

H
eater 

plates 

Electrodes 

PA
H

  
reservoir 

Vacuum
  

cham
ber 

10 cm
 long 

 slit 

M
olecules_in_Space"

G
as 

insulator 

Flow
 

insulator 

H
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Sim
ulation !

C
ham

ber"

TO
O

LS"



T
h

e (a) stead
y-state electro

n
 

d
en

sity, (b
) A

r
+ d

en
sity an

d
  

(c) A
r*

 d
en

sity o
f th

e p
u

lsed
 

d
isch

arg
e n

o
zzle fo

r a so
u

rce 
vo

ltag
e o

f -5
0

0
 V

.  

(a) 

(b) 
(c)  

Rem
y, Biennier, Salam

a, IEEE 2005; Benidar, Biennier, Salam
a, Chem

. Phys. 2006; Broks et al., Phys. Rev. E 2005; 
Broks et al. Spectrochim

. Acta A 2005  

R
esu

lts: S
im

u
latio

n
 o

f th
e 

P
lasm

a 
   G

lo
w

 D
isch

arg
e 

A
r*

 ato
m

s in
 th

e ex
p

an
sio

n
 reg

io
n

 >
>

 electro
n

s an
d

 io
n

s. P
A

H
 io

n
s are d

o
m

in
an

tly fo
rm

ed
 th

ro
u

g
h

 
P

en
n

in
g

 io
n

izatio
n

 o
f th

e n
eu

tral m
o

lecu
lar p

recu
rso

rs seed
ed

 in
 th

e su
p

erso
n

ic ex
p

an
sio

n
 o

f A
r g

as. 
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NASA Am
es  

Cavity Ringdow
n G

as-Phase Spectra of the PAH Ions com
pared to M

IS!

Intrinsic band profiles and peak positions can now
 be m

easured in the laboratory to search 
for specific PA

H
s (neutrals and/or ions) in interstellar and circum

stellar spectra.  

 
P
E
R
IC
O
N
D
E
N
S
E
D

C
A
TA

C
O
N
D
E
N
S
E
D

Perylene
C
20 H

12

Benzo[ghi]perlyene
C
22 H

12

Antanthrene
C
22 H

12

O
valene
C
32 H

14

Tetraphene
C
18 H

12

C
hrysene
C
18 H

12

Pentaphene
C
22 H

14

Pentacene
C
22 H

14

Pyrene
C
16 H

10

C
oronene
C
24 H

12

N
aphthalene
C
10 H

8

Phenanthrene
C
14 H

10

+!

Biennier et al., JCP 2003 

Bandwidths: "
M

IS: 120 cm
-1"

G
as: 25 cm

-1"
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+

Δ
ν = 55 cm

-1"

Biennier et al. 2003, 2004"

CRDS Electronic Absorption Spectra of PAH ions In the G
as Phase"

Pyrene ion (C
16 H

10 +)"
Bandwidth: Δ

ν = 145 cm
-1"

The vibronic bands of PAH ions are broad.  !
H

IFO
L M

PIA 2016 



Fit of λ4428 to the G
aussian and Lorentz profiles. "

"•  The Lorentz profile is a perfect fit to the observations of the 4428 Å DIB. "
•  Proposal that the broad 4428 Å DIB is a m

olecular feature whose width is explained 
by very rapid internal conversion. (Snow et al. ApJ 2002)"

35 O
B Stars"

High extinction"
"Spectral Resolving  
Power ~2000"
"λ4428: 60 fs "
"M

olecular carrier 
Fast relaxation"
"

THE INTRINSIC PRO
FILE O

F THE 4428 Å DIFFUSE INTERSTELLAR BAND
"

H
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Salam
a, in M

olecules in Space 2008  

**PA
H

 ions:  
• B

and w
idths versus broad D

IB
s 

• N
aphthalene

+ ? 
• A

nthracene
+ ?  

• C
olum

n densities ~ 10
13 

**H
ydrocarbons: 

• D
iacetylene

+ ? 
• P

lasm
a product  

• H
2 C

C
C

 (l-C
3 H

2 ) 

C
riteria for Identification of C

arrier:  
 2+ objects 
absent in unreddened stars 
1+ instrum

ent confirm
ed 

stationary (in spec. binary) 
2+ transitions (preferred) 
M

atch w
avelength + profile 

** Fullerenes 
C

60+ 

A
lso C

78H
26+ 

H
IFO
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T
R

O
T : 50 K

.   

 
P
E
R
IC
O
N
D
E
N
S
E
D

C
A
TA

C
O
N
D
E
N
S
E
D

Perylene
C
20 H

12

Benzo[ghi]perlyene
C
22 H

12

Antanthrene
C
22 H

12

O
valene
C
32 H

14

Tetraphene
C
18 H

12

C
hrysene
C
18 H

12

Pentaphene
C
22 H

14

Pentacene
C
22 H

14

Pyrene
C
16 H

10

C
oronene
C
24 H

12

N
aphthalene
C
10 H

8

Phenanthrene
C
14 H

10

The vibronic bands of neutral PA
H

s range betw
een 2 and 10 cm

-1.   
P
E
R
IC
O
N
D
E
N
S
E
D

C
A
TA

C
O
N
D
E
N
S
E
D

Perylene
C
20 H

12

Benzo[ghi]perlyene
C
22 H

12

Antanthrene
C
22 H

12

O
valene
C
32 H

14

Tetraphene
C
18 H

12

Chrysene
C
18 H

12

Pentaphene
C
22 H

14

Pentacene
C
22 H

14

Pyrene
C
16 H

10

Coronene
C
24 H

12

Naphthalene
C
10 H

8

Phenanthrene
C
14 H

10

Tan &
 Salam

a 2005; Rouillé et al. 2007"

Electronic Absorption Spectra of Neutral PAHs In the G
as Phase"

CRD
S - N

eutral Perylene (C
20 H

12 ) &
 N

eutral Benzoperylene (C
22 H

12 )"

H
IFO
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R
ange: 4000 – 4200 Å

 
R

ange: 3500 – 3700 Å
 



Salam
a et al. A

pJ 2011"
H

IFO
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Salam
a et al. A

pJ 2011"
G

redel et al. A
&

A 2011"
S/N

 ~1000 - 2500"
Typical fractional abundances:  10

-10 – 10
-8  "

H
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L M
PIA 2016 



Laboratory(

Interstellar(
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Laboratory confirm
ation of C

60+ as the carrier of tw
o D

IB
s discovered in 1994 

E
hrenfreund and Foing, N

ature 523, 2015 
E

. K
. C

am
pbell, M

. H
olz, D

. G
erlich &

 J. P. M
aier, N

ature, 523, 2015  
 

Fullerene solves an interstellar puzzle  

H
IFO

L M
PIA 2016 



Laboratory confirm
ation of C

60+ as the carrier of tw
o D

IB
s 

E
. K

. C
am

pbell, M
. H

olz, D
. G

erlich &
 J. P. M

aier, N
ature, 523, 2015 

H
IFO

L M
PIA 2016 



O
pen Q

uestions &
 Perspective  

 C
arbon m

olecules are currently considered the m
ost prom

ising 
candidates for identifying the D

IB
 carrier(s).  

 A
lternative candidate carriers can not be dism

issed, although the 
carriers are very likely large carbonaceous gas phase m

olecules that 
are stable, U

V resistant, but sensitive to the local cloud conditions, 
in particular to the U

V radiation field.  
 M

ulti-object line-of-sight high-resolution studies of Local G
roup 

galaxies are needed (E
D

IB
LE

S
).   

 Spectroscopic signatures in both the U
V and the N

IR
 are predicted 

for m
any (neutral/cation) PA

H
s.  

 E
xplore new

 environm
ents other than diffuse/translucent IS

M
 →

 
C

ircum
stellar envelopes of evolved stars (“PA

H
” factories)?  

 O
bservational verification of proposed candidates! e.g. naphthalene+ 

detected in only 1 (peculiar) sightline.  
 D

IB
 correlations: intrinsic scatter or m

easurem
ent uncertainties?  H

IFO
L M

PIA 2016 



ED
IB

LES: ESO
 D

IB
 Large Exploration Survey 

H
igh-resolution, high-precision spectroscopic 

U
V

/optical survey (280 hours) of interstellar 
clouds w

ith U
V

E
S

@
V

LT. 

     R
 ~ 120.000 

 S
/N

 ~ 500-1000 
      # ~ 150 
      λ ~ 3300–10000 Å

 
G

oals:   * C
hem

ical m
ake up: D

IB
 carriers –

 ISM
 elem

ental abundances: depletion. 
 * R

elation w
eak-strong D

IB
s: sequencing of 100+

 D
IB

s. 
 * E

ffective D
IB

 m
easurem

ents to probe physical param
eters. 

 * Identify physical-chem
ical param

eters that influence D
IB

 properties  
 

    (PD
R

 chem
istry m

odels). 

H
IFO
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 A
strophysics:  

E
nergy budget and signature of arom

atic carbon 
m

olecules  
P

A
H

s &
 G

rain form
ation  

 P
lanetary:  

Titan’s atm
osphere (haze) 

 IS
S

:  
E

xposure experim
ents on com

plex organic 
m

olecules 
 

38"



Sources of PA
H

 Form
ation:"

"O
utflow

s of carbon stars – "
"

 A
G

B stars are the dom
inant source of PA

H
s"

"
"- Lifetim

e of PA
H

s in ISM
 long enough (~ 10

8 years)"
"- PA

H
 m

ixing into the ISM
 not com

plete"
"O

ther proposed m
echanism

s: "
"PA

H
s form

ed in U
V

 photoprocessing of IS dust m
antles"

"PA
H

s are the product of grain fracturing in shock w
aves "

"In situ form
ation of PA

H
s w

ithin dense IS clouds "
(ion-m

olecule reactions)"
""

H
IFO
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C
arbon in the G

alaxy – Project 1 Investigations 

C
ontreras &

 S
alam

a 2013 A
pJS

 208 (A
dapted from

 P
ascoli, P

olleux, A
&

A 2000) 
H

IFO
L M

PIA 2016 



+ 

M
onitoring fragm

ent form
ation &

 detection of carbon particles 

Spectrum
 of Pyrene (C

16 H
10 ) seeded plasm

a versus discharge energy 

Plasma energy 
(discharge voltage)!

C
H

 

M
ass S

pectrom
etry studies 

confirm
 the form

ation of 
larger particles: LD

M
S

 of 
soot form

ed from
 C

10 H
8 (128 

am
u) precursor. 

O
bservation of soot on 

the electrodes 

µL
2M

S of soot form
ed from

 C
12 H

10  (154 am
u) precursor  

0
100

200
300

400

0.0

0.1

0.2

0.3

0.4

 

 

Signal (mV)

m
/e

H
. Sabbah, R

. Zare, Stanford, 2006-2010 

B
ackground signal 

Sam
ple 

Arbitrary Units 

H
IFO

L M
PIA 2016 



C
arbon in the G

alaxy  
A

C
S 2015 

H
IFO
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S
ync. 

S
ync. 

O
ptional Egun 

C
O
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 Sim
ulation C

ham
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R
eTO

F M
S 

R
eflector 

To Turbo 
pum

p 2 
Focusing &

 
deflecting 
lenses 

M
ulti channel 

plate detector 

To Turbo 
pum

p 1 
Ion extraction 
pulser 

Fastflight 2 
A

/D
 board 

S
ync. 

S
ync. 

A
cquisition 

system
 

M
ode m

atching 
optics 

Photodetector 

A
/D

 B
oard 

D
ye laser 

N
d:YA

G
 pum

p laser 

H
igh reflectivity     

m
irrors 

S
kim

m
er 

To B
ooster 

pum
p 

M
ass Flow

 
C

ontrollers 

H
igh voltage 

circuit 

Pulsed gas 
inlet controller 

D
elay/pulse 

generator 

Liquid C
6 H

6 

F1
 

F2
 

F3
 

A
r  

 

or   

N
2 

C
2 H

2 

90%N
2 

+ 
10%
C

H
4 

O
ptional Egun 

Ion beam
 

Pulsed D
ischarge N

ozzle (PD
N

) + C
avity R

ing-D
ow

n Spectroscopy + R
eTO

F M
ass Spectrom

eter 

R
icketts et al., 2011, Int. J. M

ass Spectrom
. Ion Processes, 300, 26  

H
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R
eTO

F-M
S R

esults - Sum
m

ary of E
xperim

ents 
Precursor category and types 

H
ydrocarbons 

A
lkanes 

 M
ethane (C

H
4 ) 

 Ethane (C
2 H

6 ) 
A

lkenes 
 Ethylene (C

2 H
4 ) 

A
lkynes 

 A
cetylene (C

2 H
2 ) 

A
rom

atics 
 B

enzene (C
6 H

6 ) 
 Toluene (C

6 H
5 C

H
3 ) 

 Pyridine (C
5 H

5 N
) 

Polycyclic A
rom

atic H
ydrocarbons 

H
om

ogenous PA
H

s 
 N

aphthalene (C
10 H

8 ) 
 1-M

ethylnaphthalene (C
10 H

7 C
H

3 ) 
 A

cenaphthene (C
12 H

10 ) 
H

eterogeneous PA
H

s 
 Q

uinoline (C
9 H

7 N
) 

 2,3-B
enzofuran (C

8 H
6 O

) 
 Thianaphthene (C

8 H
6 S) 

M
ixtures of Precursors 

B
enzene A

nalogs  
&

 H
ydrocarbons 

   B
enzene (C

6 H
6 ) &

 
 M

ethane (C
H

4 ) 
 Ethane (C

2 H
6 ) 

 Ethylene (C
2 H

4 ) 
 A

cetylene (C
2 H

2 ) 
  Toluene (C

6 H
5 C

H
3 ) &

 
 M

ethane (C
H

4 ) 
 Ethylene (C

2 H
4 ) 

 A
cetylene (C

2 H
2 ) 

  Pyridine 
 M

ethane  (C
H

4 ) 
  

 A
cetylene (C

2 H
2 ) 

 PA
H

 &
 H

ydrocarbons 
 N

aphthalene (C
10 H

8 ) &
 

 
 M

ethane (C
H

4 ) 
 

 Ethane (C
2 H

6 ) 
 

 Ethylene (C
2 H

4 ) 
 

 A
cetylene (C

2 H
2 ) 

 1-M
ethylnaphthalene (C

10 H
7 C

H
3 ) 

 
 M

ethane (C
H

4 ) 
 

 Ethane (C
2 H

6 ) 
 

 Ethylene (C
2 H

4 ) 
 

 A
cetylene (C

2 H
2 ) 

 A
cenaphthene (C

12 H
10 ) &

 
 

 M
ethane (C

H
4 ) 

 
 Ethane (C

2 H
6 ) 

 
 Ethylene

  (C
2 H

4 ) 
  

 
 A

cetylene (C
2 H

2 ) 
 Q

uinoline (C
9 H

7 N
) &

 
 

 A
cetylene (C

2 H
2 ) 

 2,3-B
enzofuran (C

8 H
6 O

) &
 

 
 A

cetylene (C
2 H

2 ) 
 Thianaphthene (C

8 H
6 S) &

 
 

 A
cetylene (C

2 H
2 ) 

C
ontreras and Salam

a, A
pJ Supplem

ent, 2013 
H

IFO
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R
eTO

F-M
S R

esults – H
ydrocarbons: M

ethane 
C

om
parison of M

ass Spectra betw
een ionization types 

Plasm
a –  

     M
ajor products for  

M
ethane: 

B
y addition of C

H
x 

    EI – Electron 
Ionization 
N

o recom
bination 

products (expected) 
 

C
ontreras and Salam

a, A
pJ Supplem

ent, 2013 
!

H
IFO
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R
eTO

F-M
S R

esults – Single R
ing A

rom
atics 

A
rgon Plasm

a Ionization 

m
ass - charge 

C
ontreras and Salam

a, A
pJ Supplem

ent, 2013 
H

IFO
L M

PIA 2016 



C
6 H

6 + 
C

8 H
6 + 

C
9 H

7 + 

R
eTO

F-M
S R

esults – H
om

ogeneous PA
H

s 
A

rgon Plasm
a Ionization 

m
ass - charge 

C
ontreras and Salam

a, A
pJ Supplem

ent, 2013 
H

IFO
L M
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R
eTO

F-M
S R

esults – M
ixtures: Toluene/H

ydrocarbons 
D

istinct chem
istry occurs w

ith each different hydrocarbon starting com
pound 

+ C
H

 

+ C
H

 
+ C

2 H
4 

C
10 H

8 

C
ontreras &

 Salam
a, A

pJ Supplem
ent, 2013 

H
IFO
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R
eTO

F-M
S Sum

m
ary 

 
H

ydrocarbons 
"  M

ethane, Ethane, Ethylene show
 sequential C

H
x  grow

th 
"  A

cetylene m
ajor grow

th involves C
2  groups 

"  A
cetylene experim

ents show
 grow

th up to C
6 H

5  ions 

Single-ring arom
atics 

"  B
enzene, toluene, pyridine all show

 recom
bination product ions 

"  B
enzene form

s ions C
10 H

8 + (128m
/z) and C

12 H
12 + (156 m

/z) 
"  Toluene also form

s C
10 H

8 + (128 m
/z) 

"  Pyridine has an analogous ion at 130 m
/z,  C

9 H
8 N

+ 

PA
H

s 
"   A

cenaphthene show
s 2 H

 losses 
"  1-M

ethylnaphthalene show
s further fragm

entation and ring cleavage 
"  N

aphthalene fragm
ent peaks are com

parable to benzene, toluene, acetylene 

M
ixtures 

"   Product ions seem
s dependent on the type of hydrocarbon precursor used. 

H
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Form
ation of carbon grain analogs in C

O
Sm

IC
 

C
haracterization of soot nanoparticles 

and m
icrograins from

 the plasm
a 

experim
ents w

ith SEM
 

(H
itachi S4800), x80k – 200k 

m
agnification.  

  Precursors: 
 A

r-M
ethane (C

H
4 ) 

 A
r-A

cetylene (C
2 H

2 ) 
 A

r-M
ethane-A

cetylene 
Substrates: 
•   A

lum
inum

 SEM
 disc 

•   A
lum

inum
 foil on disc 

•   TEM
 copper grid w

/ C
 w

eb  

95%
 A

r – 5%
 C

2 H
2 

1550 x  
1230 nm

 

2.00 !m
 

500 nm
 

~ 1.5 µm
 aggregate of nanograins produced from

 H
C

 precursors 

H
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G
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• 
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osphere((haze)(
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Fo
rm

atio
n

 o
f C

arb
o

n
 A

ero
so

ls o
n

 T
itan

 

Ion N
eutral M

ass  
Spectrom

eter 
(IN

M
S) - C

assini.  



M
otivation: Titan

�s atm
ospheric chem

istry 
M

ajor com
ponents: 

 N
2 (95-99%

) 
C

H
4  (2-5%

) 

(U
V, e-) 

C
2 H

4 

???? 
???? 

C
om

plex m
olecules?? 

H
aze/C

ondensates 

C
H

5 + 

C
2 H

6 

C
3 H

8 

C
3 H

4 

C
4 H

2 
C

6 H
6 C

H
4 

H
C

N
 

C
H

3 C
N

 H
C

3 N
 

C
2 N

2 C
4 N

2 

N
2 

Solar U
V

 light 

C
harged particles  

(e
-, protons) 

Titan
�s Surface 

C
2 H

5 + 

C
2 H

2 

H
C

N
H

+ 

C
4 N

5 + 

Ionization  +  D
issociation 

C
om

plex organic 
chem

istry 

Troposphere 

Stratosphere 

M
esosphere 

Therm
osphere 

Pressure (mbar) 

(Fulchignoni et al. 2
0

0
5

)


aerosols 

aerosols 

A
tm

ospheric tem
peratures: 70 K

 < T < 180 K
 

H
IFO

L M
PIA 2016 



M
otivation: Titan’s atm

ospheric chem
istry 

A
tm

ospheric tem
peratures: 70 K

 < T < 180 K
 

M
ajor com

ponents: 
(U

V, e-) 
C

om
plex organic 

chem
istry 

aerosols 

D
etection of benzene and toluene (precursors  of 

Polycyclic A
rom

atic H
ydrocarbons (PA

H
)) and heavy ions by 

C
assini/H

uygens in Titan’s upper atm
osphere. (W

aite et al. 2007, 
Vuitton et al. 2008) 
 + R

esults from
 num

erical m
odels (Ricca et al. 2001, W

ilson &
 

Atreya 2003, Lebonnois 2005, Vuitton et al. 2007, Lavvas et al. 2011) 
 + R

esults from
 experim

ental sim
ulation (K

hare et al 2002, 
Im

anaka et al. 2004, Trainer et al. 2004, G
autier et al. 2011) 

    


 suggest that PA

H
s and PA

N
H

s m
ight play a role in 

the form
ation of aerosols. 

N
2 

   (94-98%
) 

C
H

4  (1.8-6%
) 

IN
M
S$m

easurem
ents$(950$?$1000$km

)$

Ion(abundance(Ion(abundance(

CH4
(

CH5
+(

C2H2,(HCN(

C2H5
+,(HCNH+(

C6H6
(

C6H5
+,(C6H7

+(

C7H8
(

C7H7
+(

0 
20 

40 
60 

80 100 
M

ass (m
/z) 

10
4 

10
-2 

10
8 

10
-2 

91(
77(
79(

92(
78(

H
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Probing the first and interm
ediary steps of Titan’s chem

istry: 

Chemical growth evolution 

G
A

S PH
A

SE: R
eTO

F-M
S analysis 

                      N
2 -C

H
4    

 up to 42 m
/z 

            N
2 -C

H
4 -C

6 H
6    

 up to 156 m
/z 

  
 

 
 

   (91 = ion associated  
 

 
 

    with form
ation of toluene?  

 
 

 
   ** 129 = protonated  

 
 

 
 

 naphthalene?) 

            N
2 -C

H
4 -C

2 H
2    

 up to 77 m
/z 

 

 
 

 
   (77 = ion associated w

ith 
 

 
 

    form
ation of benzene? 

 
 

 
    * 76 = cyclic C

6 H
4 + ?) 

  N
2 -C

H
4 -C

2 H
2 -C

6 H
6    

 up to 205 m
/z 

 
 

 
 

 
 

 
 

 
 

 
   

 
 

 
     + new

 peaks at 
 

 
 

 
        102-105 m

/z  

D
ue to short 

residence tim
e in 

pulsed plasm
a 

Sciam
m

a-O
’B

rien, R
ickets and Salam

a, Icarus, 2014 
H

IFO
L M

PIA 2016 



                      N
2 -C

H
4    

 up to 42 m
/z 

            N
2 -C

H
4 -C

6 H
6    

 up to 156 m
/z 

  
 

 
 

   (91 = ion associated  
 

 
 

    with form
ation of toluene?  

 
 

 
   129 = protonated  

 
 

 
 

 naphthalene?) 

            N
2 -C

H
4 -C

2 H
2    

 up to 77 m
/z 

 

 
 

 
  (77 = ion associated w

ith 
 

 
 

   form
ation of benzene?) 

  N
2 -C

H
4 -C

2 H
2 -C

6 H
6    

 up to 205 m
/z 

 
 

 
 

 
 

 

 
 

 
 

  + new
 peaks at  

 
 

 
 

     102-105 m
/z  

Probing the first and interm
ediary steps of Titan’s chem

istry: 

Chemical growth evolution 

B
enzene? 

Toluene? 

G
A

S PH
A

SE: R
eTO

F-M
S analysis (W

aite et al., 2007) 

C
om

parison #1 to C
assini data 

((((((((((((IN
M
S(m

easurem
ents((950(S(1000(km

)(

Ion(abundance(Ion(abundance(

CH4
(

CH5
+(

C2H2,(HCN(

C2H5
+,(HCNH+(

C6H6
(

C6H5
+,(C6H7

+(

C7H8
(

C7H7
+(

0 
20 

40 
60 

80 
100 

M
ass (m

/z) 

10
4 

10
-2 

10
8 

10
-2 

78(
92(

77(
79(

91(

Sciam
m

a-O
’B

rien, R
ickets and Salam

a, Icarus, 2014 
H
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C
om

parison to C
A

PS – IB
S: best m

atch 

G
A

S PH
A

SE: R
eTO

F-M
S analysis 

N
2 -C

H
4 -C

2 H
2 -C

6 H
6  T

H
S data 

 C
A

PS-IB
S data Flyby T

26 

0
50

100
150

200
m
/z

C
om

parison #2 to C
assini data 

Peaks observed in T
H

S 
experim

ents m
atch regions 

of positive ion spectrum
 in 

C
A

PS-IB
S: 

 - below
 100 m

/z (also in  
  agreem

ent w
ith IN

M
S) 

27 41 52 
77 91 

IN
M
S(

? 

(C
APS-IBS data - C

rary et al., 2009) 
Sciam

m
a-O

’B
rien, R

ickets and Salam
a, Icarus, 2014 

H
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C
om

parison to C
A

PS – IB
S: best m

atch 

G
A

S PH
A

SE: R
eTO

F-M
S analysis 

N
2 -C

H
4 -C

2 H
2 -C

6 H
6  T

H
S data 

 C
A

PS-IB
S data Flyby T

26 

0
50

100
150

200
m
/z

C
om

parison #2 to C
assini data 

103 115 127 
153 

Peaks observed in T
H

S 
experim

ents m
atch regions 

of positive ion spectrum
 in 

C
A

PS-IB
S: 

 - below
 100 m

/z (also in  
  agreem

ent w
ith IN

M
S) 

 - above 100 m
/z (not  

  achieved in gas phase  
  experim

ents at low
    

  tem
perature before) ,  

  
 m

ost probably due to  
       arom

atic com
pounds 

27 41 52 
77 91 

(C
APS-IBS data - C

rary et al., 2009) 
Sciam

m
a-O

’B
rien, R

ickets and Salam
a, Icarus, 2014 

H
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C
om

parison to C
A

PS – IB
S: best m

atch 

G
A

S PH
A

SE: R
eTO

F-M
S analysis 

N
2 -C

H
4 -C

2 H
2 -C

6 H
6  T

H
S data 

 C
A

PS-IB
S data Flyby T

26 

0
50

100
150

200
m
/z

C
om

parison #2 to C
assini data 

103 115 127 
153 

Peaks observed in T
H

S 
experim

ents m
atch regions 

of positive ion spectrum
 in 

C
A

PS-IB
S: 

 - below
 100 m

/z (also in  
  agreem

ent w
ith IN

M
S) 

 - above 100 m
/z (not  

  achieved in gas phase 
  experim

ents at low
    

  tem
perature before) ,  

  
 m

ost probably due to  
       arom

atic com
pounds 

 N
E

X
T: 

- M
issing regions: due to  

  aliphatic com
pounds? 

27 41 52 
77 91 

(C
APS-IBS data - C

rary et al., 2009) 
H

IFO
L M

PIA 2016 



         SO
LID

 PH
A

SE:   Tholin deposition
 

Substrates: 
 K

B
r w

indow
 

 U
H

V
 A

l foil 

 T
E

M
 grid 

E
x situ analyses:

 

IR
 spectroscopy 

 N
M

R
 spectroscopy 

 M
ass Spectrom

etry 
 Scanning E

lectron M
icroscopy 

 

H
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         SO
LID

 PH
A

SE:   Tholin ex situ analysis 
M

ass Spectrom
etry (U

H
V

 A
l foil) 

D
irect A

nalysis in R
eal Tim

e (D
A

R
T

)(

Soft ionization m
ethod (no fragm

entation) operating 
at atm

ospheric pressure and am
bient conditions. 

50
100

150
200

250
300

350
400

450
500

m
/z

TH
S 

95N
2 -5C

H
4 

TH
S 

90N
2 -10C

H
4 

PA
M

PR
E 

90N
2 -10C

H
4 

(Pernot et al. 2010) 

50
100

150
200

250
300

350
400

450
500

m
/z

50
100

150
200

250
300

350
400

450
500

m
/z

50
100

150
200

250
300

350
400

450
500

m
/z

  C
om

m
on T

holin m
ass spectra  

  
 forest of peaks w

ith periodicity 
   E

arly chem
istry: m

ade of  
  less com

plex m
olecules  

  than other Titan sim
ulants  

  (PA
M

PR
E) 

 
⇒
 

C
O

N
SIST

E
N

T W
IT

H
  

             G
A

S PH
A

SE
 R

E
SU

LT
S 

U
pton, B

eaucham
p et al. 2014 



         SO
LID

 PH
A

SE:   Tholin ex situ analysis 
M

ass Spectrom
etry (U

H
V

 A
l foil) 

D
irect A

nalysis in R
eal Tim

e (D
A

R
T

)(
Soft ionization m

ethod (no fragm
entation) operating 

at atm
ospheric pressure and am

bient conditions. 

M
S/M

S data of peak 
at 77 m

/z 
   

 show
s production of 

am
inoacetonitrile (C

2 H
4 N

2 ) 
 

95%
(N

2 (S(5%
(CH

4(

m
/z 

0 
20 
40 
60 
80 

100 
56.45 57.09 

C
3 H

5 N
(+H

+(

C
2 H

4 N
2 (+H

+(

0 
20 
40 
60 
80 

100 
Relative Abundance 

56.09 C
3 H

5 N
(+H

+(
~90%

(N
2 (S(5%

(CH
4 (S(5%

(C
6 H

6(

50 
55 

60 
65 

70 
75 

0 
20 
40 
60 
80 

100 
56.00 57.09 

54.91 

C
3 H

5 N
(+H

+(

C
2 H

4 N
2 (+H

+(
C
2 H

3 N
2 +(

91%
(N

2 (S(5%
(CH

4 (S(4%
(C

2 H
2(

U
pton, B

eaucham
p et al. 2014 
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Scanning E
lectron M

icroscopy (T
E

M
 grid) 


 C

an look at grow
th structure / m

orphology 

N
2 -C

H
4  (95:5) 

         SO
LID

 PH
A

SE:   Tholin ex situ analysis 

500 nm
 

200 nm
 

Substrate covered w
ith im

pacted 10-50 nm
 nanoparticles 

 G
rains: 100-300 nm

 in diam
eter m

ade of ~10-50 nm
 sized nanoparticles

 
  



Scanning E
lectron M

icroscopy (T
E

M
 grid) 

N
2 -C

H
4 -C

2 H
2  (90:5:5) 

         SO
LID

 PH
A

SE:   Tholin ex situ analysis 

Substrate covered w
ith im

pacted 10-50 nm
 nanoparticles 

 G
rains: 300 to 500 nm

 in diam
eter m

ade of ~10-50 nm
 sized nanoparticles 

 A
ggregates: up to 3000 nm

 in diam
eter m

ade of 500 nm
 sized grains  

500 nm
 

2.00 µm
 


 C

an look at grow
th structure / m

orphology 



Scanning E
lectron M

icroscopy (T
E

M
 grid) 

N
2 -C

H
4 -C

6 H
6  (90:5:5) 

         SO
LID

 PH
A

SE:   Tholin ex situ analysis 

Substrate covered w
ith im

pacted 10-50 nm
 nanoparticles 

 G
rains: 300 to 500 nm

 in diam
eter m

ade of ~10-50 nm
 sized nanoparticles 

 A
ggregates: up to 3000 nm

 in diam
eter m

ade of 500 nm
 sized grains  

500 nm
 

1.00 µm
 


 C

an look at grow
th structure / m

orphology 



Scanning E
lectron M

icroscopy (T
E

M
 grid) 

N
2 -C

H
4 -C

2 H
2 -C

6 H
6  (85:5:5:5) 

         SO
LID

 PH
A

SE:   Tholin ex situ analysis 

Substrate covered w
ith im

pacted 10-50 nm
 nanoparticles 

 G
rains: 300 to 500 nm

 in diam
eter m

ade of ~10-50 nm
 sized nanoparticles 

 A
ggregates: up to 5000 nm

 in diam
eter m

ade of 500 nm
 sized grains  

500 nm
 

2.00 µm
 


 C

an look at grow
th structure / m

orphology 



⇒
 H

eavier precursors => larger aggregates => C
O

N
SIST

E
N

T W
IT

H
 G

A
S PH

A
SE

 

⇒
 G

rains grow
 in the expansion and are then jet deposited on the substrate(

     SO
LID

 PH
A

SE coherent w
ith G

A
S PH

A
SE

 

                      N
2 -C

H
4  

            N
2 -C

H
4 -C

6 H
6 

            N
2 -C

H
4 -C

2 H
2  

  N
2 -C

H
4 -C

2 H
2 -C

6 H
6  

1000 nm
 

1000 nm
 

2000 nm
 

     + substrate covered w
ith im

pacted 20/50 nm
 particles 

 
 

 
 Scanning E

lectron M
icroscopy 

(Sam
e scale) 



Probing different steps of the Titan chem
istry at low

 tem
perature  

 The TH
S experim

ent can be used to m
onitor different tim

e and chem
ical 

w
indow

s in the chain of chem
ical reactions in Titan’s atm

ospheric chem
istry. 

C
O

N
C

LU
SIO

N 

   N
2  - C

H
4  - C

6 H
6 /C

2 H
2  (and other) m

ixtures: 
      ⇒

 probing next steps of chem
istry  

     and specific chem
ical pathw

ays 

First steps 
Short plasm

a + N
2  - C

H
4  m

ixture:  
⇒
  Probing the initial products of the 

       N
2  - C

H
4  chem

istry  

Interm
ediary steps 

N
2 -C

H
4 

f(t, reactivity) 
28(C

2 H
4 +) 

17(C
H

5 +)  

27(H
C

N
+) 

65(C
5 H

5 +) 

52(C
4 H

4 +) 
129(C

9 H
7 N

+?) 

91(C
7 H

7 +) 
128(C

10 H
8 +?) 

100 - 500 nm
 grains 

1000 - 5000 nm
 grains 

200 nm
 

500 nm
 

1000 nm
 

2000 nm
 

H
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(A
strophysics:((

• 
Energy(budget(and(signature(of(arom

a:
c(carbon(

m
olecules((

• 
G
rain(form

a:
on((

Planetary:((

• 
Titan’s(atm

osphere((haze)(

(ISS:((

• 
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
 Second

 m
ission of the E

X
PO

SE
 

fam
ily  


 A

d
ap

ted
 on U

niversal 
W

orkp
lace D

 (U
R

M
-D

 
p

latform
), one of the four 

external p
latform

s of the 
R

ussian Zvezd
a-M

od
ule of the 

ISS  

 Provid

es sp
ace for 

astrob
iolog

y sam
p

les, 
sensors, heating

 system
s, 

electronics for d
ata collection, 

storag
e, telem

etry and
 

telecom
m

and
, and

 m
echanical 

and
 electronic interfaces to 

the ISS p
latform

  

 H

osts 10 international 
astrob

iolog
y exp

erim
ents 

E
X

PO
SE

-R
 

H
IFO
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PA
H

 sam
ples C

ells and C
arriers 

E
X

PO
SE

-R
 

 

tetracene 

H
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
 O

R
G

A
N

IC
 on 

Biop
an exp

osed
  

• 58 h effective over 
380 h flig

ht 
• total fluence of 

602.45 kJ m
-2 for 

p
hotons in the rang

e 
170-280 nm

 

 O

R
G

A
N

IC
 on 

E
X

PO
SE

-R
 exp

osed
 

• irrad
iation d

ose of 
the ord

er of 14000 
M

J m
-2 over 2900 h 

of unshad
ow

ed
 solar 

illum
ination 

H
IFO
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Bryson et al., Int. J. A
strob

iol., 2015 
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
 Lim

ited
 sp

ectral chang
es 


 K

now
n trend

 in the stab
ility of PA

H
 sp

ecies accord
ing

 
to m
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• 
O
/O

REO
S$(N

ASA$Astrobiology$Sm
all$Payloads$(ASP)):$

• 
Develop$and$fly$sm

all$astrobiology$payloads,$from
$single?cube$

free$flyers$to$suitcase?sized$payloads,$to$address$fundam
ental$

astrobiology$objecYves,$using$a$variety$of$launch$opportuniYes$

• 
O
/O

REO
S$(O

rganism
/O

rganics$Exposure$to$$O
rbital$Stresses)$is$

the$first$technology$dem
onstraYon$m

ission$for$ASP$
• 

Launched:$N
ovem

ber$19,$2010$
• 

N
om

inal$perform
ance$in$orbit,$146$days$$

• 
h^

p://ooreos.engr.scu.edu/dashboard.htm
$

• 
selected$for$DefiniYon$Phase$by$the$European$Space$Agency$
(ESA)$to$be$installed$on$the$ISS.$

• 
designed$to$perform

$in+situ$U
V?Vis$spectroscopy$to$study$the$

chem
istry$of$biom

olecules$in$Low
$Earth$O

rbit.$
• 

sam
ple$cell$gas$com

posiYons$and$relaYve$hum
idity$can$be$

controlled$to$create$space$and$planetary$"m
icro?

environm
ents“.$

• 
m
easures$changes$in$organic$sam

ples$and$provides$insight$into$
the$kineYc$details$of$photochem

ical$reacYons.$
• 

w
ill$be$used$to$study$radiaYon$induced$m

odificaYon$of$
astrobiologically$relevant$organics$by$m

ineral$and$catalyYc$
surfaces.$

• 
can$be$used$to$invesYgate$carbon$chem

istry$that$relates$to$
planetary$surface$condiYons$and$the$interstellar$space$
environm

ent.$
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