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c o n si st e nt wit h t h e l o w er li mit of r e c e nt m o d el pr e di cti o n s.   

1. I nt r o d u cti o n 

T h e c h e mi c al c o m p o siti o n of pl a n et ar y at m o s p h er e s i s of gr e at i n -

t er e st.  Tit a n,  a  l ar g e  m o o n  of  S at ur n,  h a s  b e e n  st u di e d  e xt e n si v el y 

n ot a bl y b y t h e C a s si ni- H u y g e n s mi s si o n ( C o u st e ni s et al., 2 0 0 7 ; Fl a s ar 

et al., 2 0 0 5 ; Ni x o n et al., 2 0 0 9 ; T e a n b y et al., 2 0 0 7 ; Vi n ati er et al., 2 0 0 7 ; 

Vi n ati er et al., 2 0 1 0 ). Tit a n i s t h e f o c u s of s u c h st u di e s d u e t o it s or g a ni c- 

ri c h  at m o s p h er e,  pri m aril y  s m all  h y dr o c ar b o n s,  nitril e s  a n d  a er o s ol s 

(“ h a z e ” )  (B e z ar d,  2 0 0 9 ; B e z ar d  et  al.,  2 0 1 4 ; L e b o n n oi s  et  al.,  2 0 0 1 ; 

R a n n o u  et  al.,  2 0 0 3 ; Tr ai n er  et  al.,  2 0 0 4 ; Vi n ati er  et  al.,  2 0 1 2 ).  T hi s 

at m o s p h er e i s c o n si d er e d t o b e si mil ar t o t h at of pr e- bi oti c E art h, a n d 

t h er ef or e a n i m p ort a nt s y st e m f or el u ci d ati o n of t h e d e v el o p m e nt of lif e 

o n E art h ( R a uli n et al., 1 9 8 6 ; R a uli n et al., 1 9 8 4 ; Tr ai n er et al., 2 0 0 6 ). 

Tit a n ’s  at m o s p h er e  i s  c o m p o s e d  of  m ai nl y  nitr o g e n  a n d  m et h a n e 

(Ni e m a n n  et  al.,  2 0 1 0 ).  T h e  s urf a c e  pr e s s ur e  i s  a b o ut  1 1 2 5 T orr 

( 1 T orr ¼ 1 3 3. 3 2 2 P a)  ( F ul c hi g n o ni  et  al.,  2 0 0 5 )  a n d  t h e  m et h a n e 

a b u n d a n c e n e ar t h e s urf a c e i s a b o ut 5 % b ut d e cr e a s e s t o a b o ut 1. 4 % i n 

t h e  str at o s p h er e  ( 7 0– 3 0 0 k m)  ( L ell o u c h  et  al.,  2 0 1 4 ; Ni e m a n n  et  al., 

2 0 1 0 ). T h e pr o d u cti o n of or g a ni c m ol e c ul e s b e gi n s hi g h i n t h e at m o -

s p h er e b y t h e di s s o ci ati o n a n d i o ni z ati o n of nitr o g e n a n d m et h a n e b y U V 

r a di ati o n a n d e n er g eti c p arti cl e s t o f or m s p e ci e s s u c h a s C H 3 , N a n d Nþ

(V uitt o n et al., 2 0 0 8 ). A wi d e v ari et y of s u b s e q u e nt r e a cti o n s pr o d u c e a 

c o m pl e x mi xt ur e of s p e ci e s; f or e x a m pl e, C 2 H 6 i s p r o d u c e d pri m aril y b y 

t h e  r e a cti o n  of  t w o  C H3 r a di c al s  ( Y u n g  et  al.,  1 9 8 4 a ).  T h e s e  r a di c al- 

r a di c al  c o m bi n ati o n  r e a cti o n s,  al o n g  wit h  ot h er  p h ot o c h e mi c al  pr o -

c e s s e s, all o w f or t h e f or m ati o n of l ar g er h y dr o c ar b o n s; i n d e e d, b e n z e n e 

h a s b e e n o b s er v e d o n Tit a n ( C o u st e ni s et al., 2 0 0 7 ), a n d b e n z e n e c a n 

u n d er g o  f urt h er  p h ot o c h e mi str y  t o  g e n er at e  l ar g e,  c o m pl e x  ar o m ati c 

s p e ci e s ( J e n ni n g s et al., 2 0 1 7 ; V uitt o n et al., 2 0 0 8 ). 

M u c h of w h at i s k n o w n a b o ut Tit a n ’s at m o s p h er e c o m e s fr o m t h e 

C a s si ni- H u y g e n s  mi s si o n,  w hi c h  l a st e d  f or  1 3 y e ar s  i n  or bit  ar o u n d 

S at ur n. T o d at e, i n a d diti o n t o C H 4 a n d N 2 , 1 9 n e ut r al m ol e c ul e s h a v e 

b e e n d et e ct e d o n Tit a n ( s e e T a bl e 1 of ( H €or st, 2 0 1 7 )); of t h e s e, 1 5 h a v e 

b e e n  m e a s ur e d  wit h  t h e  C o m p o sit e  I nfr ar e d  S p e ctr o m et er,  CI R S,  o n 

C a s si ni ( J e n ni n g s et al., 2 0 1 7 ). CI R S c o v er s t h e 1 0 – 1 5 0 0 c m  1 s p e ct r al 

r a n g e at a m a xi m u m s p e ctr al r e s ol uti o n of 0. 5 c m  1 . I n o r d e r t o i nt er pr et 

t h e CI R S t h er m al e mi s si o n s p e ctr a of Tit a n ( a s w ell a s t h o s e of J u pit er 

a n d S at ur n) t o o bt ai n m ol e c ul ar a b u n d a n c e s, l a b or at or y s p e ctr al d at a 

ar e r e q uir e d. F or t h e s m all er m ol e c ul e s s u c h a s C H 4 , s uit a bl e li n e p a-

r a m et er s i n cl u di n g pr e s s ur e br o a d e ni n g c o ef fi ci e nt s at l o w t e m p er at ur e 

ar e  n e e d e d,  w hil e  f or  l ar g er  m ol e c ul e s  a b s or pti o n  cr o s s  s e cti o n s 

c o v eri n g t h e r a n g e of pl a n et ar y t e m p er at ur e, pr e s s ur e a n d c o m p o siti o n 

*  C orr e s p o n di n g a ut h or. 
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are necessary. The Bernath group has recently published infrared ab
sorption cross sections for propane broadened by hydrogen and helium 
at low temperatures (Wong et al., 2018; Wong et al., 2017a; Wong et al., 
2017b) suitable for the Giant Planets. Sung et al. (2018) have reported 
infrared cross sections of propene broadened by nitrogen to improve the 
detection of propene on Titan (Nixon et al., 2013; Lombardo et al., 
2019a). Conducting these laboratory studies in atmospherically relevant 
conditions, such as temperature and the presence of broadening gases 
(hydrogen, helium, and nitrogen), is essential to provide accurate 
spectra for comparison with astronomical observations. 

The work reported below focuses on the 1050 1900 cm 1 spectral 
region of isobutane. Isobutane HC(CH3)3 has not yet been detected in 
Titan s atmosphere, although formation of C4H10 has been predicted 
with photochemical models generally without distinguishing between 
the n-butane (CH3CH2CH2CH3) and isobutane isomers (Dobrijevic et al., 
2016; Vuitton et al., 2019; Yung et al., 1984b). Dobrijevic et al. (2016) 
predict that C4H10 is as abundant as propane, which has already been 
detected (Nixon et al., 2009; Maguire et al., 1981). However, in an 
experimental simulation of the chemistry in Titan s atmosphere, n- 
butane production was favored over isobutane (Tran et al., 2005). 

The primary pathway suggested by Vuitton et al. for generating 
butane on Titan involves radical-radical recombination of a propyl 
radical and a methyl radical. There are two isomers of the propyl radical, 
the primary radical and the secondary radical, where radical-radical 
recombination between a methyl radical and a primary propyl radical 
would result in n-butane, whereas combination of the secondary propyl 
radical and a methyl radical would generate isobutane. Since a sec
ondary radical is more stable, it is reasonable to assume that most of the 
propyl radicals would be secondary, suggesting that most of the C4H10 
generated in Titan s atmosphere would be isobutane. This argument 
does not agree with the results of Tran et al. (2005) but does agree with 
Coll et al., who find that isobutane should be present in greater abun
dance (Coll et al., 1999). 

The equilibrium structure of isobutane has C3v symmetry (Lide, 
1960), with 24 fundamental vibrational frequencies (Manzanares et al., 
1995), 8 with a1 symmetry, 4 nominally forbidden a2 modes ( 9- 12) and 
12 doubly degenerate e modes ( 13- 24). There are two weak low fre
quency torsional modes 12 (a2) at 225 cm 1 and 24 (e) at 280 cm 1 

(Weiss and Leroi, 1969). Infrared absorption cross sections of isobutane 
are available from the Pacific Northwest National Laboratory (PNNL) 
recorded at 0.1 cm 1 resolution from 600 to 6500 cm 1 with 1 atm of N2 
at 5, 25, 50 C (Sharpe et al., 2004). Most of the PNNL infrared ab
sorption cross sections are now available in the HITRAN database 
(https://hitran.org/). Recently we have recorded high resolution ab
sorption cross sections in the 3 m region at low temperatures with H2 
and N2 as broadening gases (Hewett et al., 2019) and we now extend this 
work to longer wavelengths. 

2. Experimental 

The experimental setup used in this study has been described in 
detail elsewhere, and therefore only a brief description will be given 
here (Hewett et al., 2019; Wong et al., 2017b). The isobutane data were 
taken at the Canadian Light Source (CLS) far-infrared beamline using a 
2-meter base path White-type multipass cell coupled with a Bruker IFS 
125 HR spectrometer fitted with a KBr beam splitter. The total path 
length was 8.63 0.02 m. A Neslab ULT-80DD refrigerated re- 
circulating methanol bath was used to cool the cell, and a liquid heli
um cooled Ge:Cu bolometer detector was used with either the internal 
glowbar of the spectrometer or the synchrotron radiation. The cell 
temperature was monitored with PT100 RTD sensors with an estimated 
accuracy of 2 K. The isobutane pressure was measured with a 10 Torr 
Baratron pressure gauge, and the total pressure including the broad
ening gas was measured with a 1000 Torr Baratron pressure gauge. Each 
spectrum is the average of a minimum of 400 interferograms, with a 
boxcar apodization function and a zero-filling factor of 8. 

The spectral resolutions (using the Bruker definition of 0.9/optical 
path difference) were 0.00096, 0.005, 0.01, 0.04 cm 1 for the pure 
sample, 10 Torr, 30 Torr and 100 Torr experiments, respectively. The 
pressures of butane were chosen to provide substantial signal without 
saturating any of the relevant bands. The relative abundancies range 
from 1 in the pure spectra down to ~0.001 for the 100 Torr broadening 
gas measurements (Table 1). To save time, the background spectra were 
all recorded at 0.04 cm 1 resolution, except for the pure sample which 
had a 0.015 cm 1 resolution background. 

Spectra were recorded for 4 temperatures: nominally 210 K, 234 K, 
265 K and 296 K. Although it is desirable to go to lower temperatures to 
match stratospheric temperatures on Titan and the Giant Planets more 
closely, the minimum temperature was limited by the Neslab chiller. At 
each temperature 3 pressures of the broadening gas (N2 or H2) were 
used: nominally 10 Torr, 30 Torr and 100 Torr; in addition, spectra of 
pure samples were also recorded. The temperature and pressure pa
rameters used during data collection are shown in Table 1. The pressure 
listed for the broadening gas (N2 or H2) is in fact the total pressure in the 
cell. 

2.1. Calibration 

Due to potential inaccuracies of the pressure gauges, a calibration 
may be needed to obtain accurate absorption cross sections. The Pacific 
Northwest National Laboratory (PNNL) database (Sharpe et al., 2004) 
has over four hundred vapor-phase infrared spectra which can be used 
for comparison. The PNNL spectra are reported at 3 sample tempera
tures (278, 298 and 323 K) with 1 atm of N2 broadening gas. The inte
grated area of the absorption cross sections of isolated bands are not 
highly dependent on temperature (Ballard et al., 2000; Orlando et al., 
1992) and can be used for calibration. 

The CLS transmission spectra are converted to cross sections using 
the Beer-Lambert law as written with a correction factor in Harrison 
et al. (2010): 

In which ( ,T) is the transmittance at wavenumber (cm 1) and 
temperature T (K), P is the pressure of the absorbing gas in pascals (Pa), l 
is the optical path length (m), and kB is the Boltzmann constant 
(1.3806504 * 10 23 J/K). is the correction (calibration) factor relative 
to the PNNL average value. The PNNL integrated values, integrating 
over the bands from 1301.43 cm 1 to 1572.23 cm 1, are as follows: 
7.518 10 18 cm/molecule at 5 C, 7.43973 10 18 cm/molecule at 

Table 1 
Pressures and temperatures for each isobutane (IB) measurement.  

H2 N2 Pure 

IB P 
(Torr) 

H2 P 
(Torr) 

T (K) IB P 
(Torr) 

N2 P 
(Torr) 

T (K) IB P 
(Torr) 

T (K) 

210 K  
0.101  9.9  209.35  0.093  9.98  210.05  0.050  208.85  
0.099  30.1  210.15  0.093  30.1  210.25    
0.121  100.5  210.35  0.119  99.8  210.25    

234 K  
0.103  10.2  234.15  0.114  10.1  234.25  0.089  234.25  
0.160  30.4  234.15  0.135  29.7  234.25    
0.226  99.8  234.25  0.221  99.8  234.25    

265 K  
0.195  10.4  265.25  0.199  9.98  265.35  0.125  265.25  
0.191  30  265.25  0.190  30.2  265.75    
0.205  99.8  265.25  0.207  99.8  265.75    

296 K  
0.244  10.4  295.55  0.219  10.2  295.75  0.250  294.55  
0.300  30.2  295.65  0.301  30.0  295.65    
0.360  99.8  295.75  0.400  99.8  295.75    
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2 5 � C, a n d 7. 3 2 5 2 2 � 1 0  1 8 c m / m ol e c ul e at 5 0 � C, f o r a n a v e r a g e v al u e 

of 7. 4 2 7 6 5 � 1 0  1 8 c m / m ol e c ul e. 

T h e z er o l e v el of t h e b a s eli n e s of t h e cr o s s s e cti o n s w er e c orr e ct e d 

wit h t h e h el p of t h e P N N L d at a. T h e c orr e cti o n f a ct or ξ f or e a c h s p e c-

tr u m w a s c al c ul at e d b y t a ki n g t h e r ati o b et w e e n t h e i nt e gr at e d ar e a of 

t h e P N N L a b s or pti o n s p e ctr a a n d t h e i nt e gr at e d ar e a of all of t h e C L S 

a b s or pti o n  s p e ctr a  fr o m  t hi s  st u d y.  T h e  a v er a g e  v al u e  f or ξ w a s 

1. 2 7 6 � 0. 0 1 6 (t w o si g m a). A s di s c u s s e d b el o w, t hi s “ c orr e cti o n f a ct or, 

ξ ” i s u nr e a s o n a bl e a n d w e u s e d a v al u e of 1 i n o ur a n al y si s. T h e r e s o-

l uti o n w a s s et t o f ull y r e s ol v e t h e a b s or pti o n f e at ur e s a n d t h e i s o b ut a n e 

pr e s s ur e s w er e a dj u st e d ( T a bl e 1 ) s o t h at n o n e of t h e f e at ur e s, i n cl u di n g 

t h e Q- br a n c h at 1 4 7 8 c m 1 (Fi g. 1 ), w e r e s at ur at e d. 

St arti n g i n 2 0 1 0 ( H arri s o n et al., 2 0 1 0 , H arri s o n a n d B er n at h, 2 0 1 0 ), 

w e h a v e c ali br at e d o ur hi g h r e s ol uti o n cr o s s s e cti o n s wit h P N N L d at a 

a n d o ur v al u e s t y pi c all y diff er b y 5 – 1 0 %. A diff er e n c e of n e arl y 3 0 % f or 

i s o b ut a n e  i s  wit h o ut  pr e c e d e nt,  e x c e pt  f or  a  si mil ar  l ar g e  v al u e  f or 

i s o b ut a n e i n t h e 3. 3 μ m r e gi o n ( H e w ett et al., 2 0 1 9 ). W e h a v e al s o n ot 

e x p eri e n c e d a n y pr o bl e m s wit h t h e B ar atr o n pr e s s ur e g a u g e s at t h e C L S. 

I n  a d diti o n,  w e  h a v e  r e c or d e d  s p e ctr a  of  i s o b ut a n e  at  Ol d  D o mi ni o n 

U ni v er sit y i n t h e 3. 3 μ m r e gi o n a n d f o u n d a si mil ar b ut sli g htl y l ar g er 

di s cr e p a n c y wit h P N N L cr o s s s e cti o n s. A s a r e s ult, w e t hi n k t h at t h er e i s 

li k el y a pr o bl e m wit h t h e i nt e n sit y c ali br ati o n of P N N L d at a f or i s o b u-

t a n e a n d h a v e a d o pt e d t h e m e a s ur e d C L S pr e s s ur e s f or o ur a n al y si s (i. e., 

ξ ¼ 1  f or all s p e ctr a).  T h e fi n al  cr o s s s e cti o n fil e s ar e  a v ail a bl e i n t h e 

s e cti o n A p p e n di x A. S u p pl e m e nt ar y M at eri al s. 

A n  o v er vi e w  s p e ctr u m  i s  pr e s e nt e d  ( Fi g.  1 )  wit h  i s o b ut a n e  at 

2 1 0. 0 5 K wit h 9. 9 8 T orr of N 2 b r o a d e ni n g g a s. W e a k r e si d u al i m p urit y 

w at er  li n e s  fr o m  t h e ν 2 b e n di n g  m o d e  ar e  pr e s e nt  a n d  s o m e  of  t h e 

s p e ctr a h a v e s m all r e si d u al c h a n n eli n g fr o m i m p erf e ct c a n c ell ati o n of 

i nt erf er e n c e fri n g e s. T h e m o d e a s si g n m e nt s ar e t a k e n fr o m B er n at h et al. 

( 2 0 1 9). S e v er al of t h e b a n d s h a v e r e s ol v e d r ot ati o n al str u ct ur e t h at h a s 

b e e n a n al y z e d i n a s e p ar at e p u bli c ati o n ( B er n at h et al., 2 0 1 9 ). Fi g s. 2 

a n d 3 s h o w t h e pr e s s ur e a n d t e m p er at ur e d e p e n d e n ci e s o n t h e s p e ctr a, 

r e s p e cti v el y. 

T h e a c c ur a c y of P N N L cr o s s s e cti o n s i s e sti m at e d a s � 3. 2 % ( 2 st a n -

d ar d d e vi ati o n s) b a s e d o n t y pi c al st ati sti c al n oi s e a n d a c o m p ari s o n of 

i n d e p e n d e nt m e a s ur e m e nt s c arri e d o ut at P N N L a n d NI S T (S h ar p e et al., 

2 0 0 4 ). H o w e v er, w e fi n d a n a v er a g e bi a s of 2 7. 6 � 1. 8 % ( 2 si g m a), i. e., 

t h e P N N L cr o s s s e cti o n s n e e d t o b e di vi d e d b y 1. 2 7 6 or m ulti pli e d b y 

0. 7 8 3 t o bri n g t h e m i nt o a gr e e m e nt wit h o ur m e a s ur e m e nt s. T hi s m e a n s 

t h at o ur m e a s ur e m e nt pr e ci si o n f or i nt e n siti e s i s a b o ut 2 % ( 2 si g m a), 

b a s e d o n t h e 1. 8 % v ari a bilit y r el ati v e t o P N N L. T h e c o nti n u u m si g n al-t o- 

n oi s e r ati o s f or t h e tr a n s mi s si o n s p e ctr a r a n g e fr o m 3 5 0 t o 1 1 5 0 e x c e pt 

f or t h e p ur e s p e ctr a f or w hi c h t h e y r a n g e fr o m 1 0 0 t o 1 6 0. T h e err or s ar e 

t h er ef or e d o mi n at e d b y a n u m b er of s y st e m ati c eff e ct s di s c u s s e d i n m or e 

d et ail b y H arri s o n et al. ( 2 0 1 0) . S y st e m ati c err or s ar e v er y dif fi c ult t o 

e sti m at e, e x c e pt b y c o m p ari s o n wit h i n d e p e n d e nt m e a s ur e m e nt s. U n -

f ort u n at el y, t h e o nl y i n d e p e n d e nt m e a s ur e m e nt s w e h a v e at t h e m o m e nt 

ar e  fr o m  P N N L,  w hi c h  ar e  n ot  r eli a bl e  f or  i s o b ut a n e.  T h e  t w o  si g m a 

a c c ur a c y  f or  si mil ar  m e a s ur e m e nt s  of  et h a n e  cr o s s  s e cti o n s  w a s  e sti -

m at e d t o b e 8 % ( H arri s o n et al., 2 0 1 0 ), w hi c h i s a t y pi c al v al u e f or o ur 

cr o s s  s e cti o n  m e a s ur e m e nt s.  T h u s  b a s e d  o n  pr e vi o u s  w or k  ( H arri s o n 

et al., 2 0 1 0 ) a n d o ur e x p eri e n c e, w e e sti m at e a t ot al err or of a b o ut 1 0 % 

(t w o si g m a) f or t h e cr o s s s e cti o n s. 

T h e c ali br ati o n of t h e w a v e n u m b er s c al e w a s c h e c k e d b y c o m p ari n g 

w at er li n e s i n t h e s p e ctr a t o t h e v al u e s i n t h e HI T R A N d at a b a s e ( G or d o n 

et al., 2 0 1 7 ). T h e li n e p o siti o n s w er e wit hi n 0. 0 0 0 5 c m  1 a n d t h e r ef or e 

n o w a v e n u m b er c ali br ati o n w a s p erf or m e d. 

3.  B ut a n e o n Tit a n 

3. 1.  CI R S d at a 

T h e C o m p o sit e I nfr ar e d S p e ctr o m et er ( CI R S) w a s a F o uri er tr a n sf or m 

s p e ctr o m et er o n t h e C a s si ni s p a c e cr aft t h at e x pl or e d t h e S at ur ni a n s y s -

t e m fr o m 2 0 0 4 t hr o u g h 2 0 1 7 (J e n ni n g s et al., 2 0 1 7 ). D uri n g t h e C a s si ni 

mi s si o n, t h e s p a c e cr aft p erf or m e d 1 2 7 fl y b y s of Tit a n, m a n y of w hi c h 

i n cl u d e d CI R S o b s er v ati o n s. W e e m pl o y d at a fr o m F o c al Pl a n e 4 ( F P 4) of 

CI R S, s e n siti v e t o t h e r e gi o n fr o m 1 1 0 0 c m  1 t o 1 5 0 0 c m 1 . D at a w e r e 

a c q uir e d i n a li m b- vi e wi n g g e o m etr y a n d i n cl u d e s p e ctr a wit h t a n g e nt 

altit u d e s b et w e e n 2 0 0 a n d 2 5 0 k m a b o v e Tit a n ’s e q u at ori al r e gi o n fr o m 

3 0 � S t o 3 0 � N b et w e e n 2 0 0 7 a n d 2 0 1 7, i n cl u di n g a t ot al of 1 5 5 5 i n di -

vi d u al s p e ctr a. Li m b o b s er v ati o n s w er e utili z e d i n t hi s s e ar c h t o m a k e 

u s e of l o n g p at h l e n gt h o b s er v ati o n s – b y l o o ki n g t hr o u g h at m o s p h er e a s 

Fi g. 1. A n o v er vi e w of t h e i s o b ut a n e a b s or pti o n cr o s s s e cti o n s at 2 1 0. 0 5 K wit h 9. 9 8 T orr of N 2 b r o a d e ni n g g a s. W at er i m p urit y w at er li n e s ar e vi si bl e fr o m 1 5 0 0 

t o 1 6 0 0 c m 1 . 
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o p p o s e d t o st ari n g at t h e s urf a c e, w e ar e a bl e t o i s ol at e e mi s si o n fr o m 

hi g h er  altit u d e s  w h er e  tr a c e  s p e ci e s  ar e  e x p e ct e d  t o  e xi st  i n  hi g h er 

c o n c e ntr ati o n s, a s w ell a s c oll e ct m or e r a di ati o n e mitt e d b y t h e s e m ol -

e c ul e s. H o w e v er, if w e l o o k t o o hi g h, t h e at m o s p h eri c pr e s s ur e d e cr e a s e s 

t o t h e p oi nt w h er e m ol e c ul ar e mi s si o n c o ul d n ot b e d et e ct e d b y t h e s e 

o b s er v ati o n s. T h e r e s ol uti o n of t h e d at a i s 0. 5 c m  1 ; h o w e v e r, w e m a k e 

u s e of o v er- s a m pl e d d at a at a r e s ol uti o n of 0. 2 5 c m  1 t o b ett e r di sti n-

g ui s h w e a k f e at ur e s i n t h e s p e ctr u m. 

3. 2.  M o d eli n g 

W e m o d el t h e s p e ctr u m u si n g t h e N o nli n e ar O pti m al E sti m at or f or 

M ulti s p e ctr al A n al y si s ( N E M E SI S) i n v er s e r a di ati v e tr a n sf er al g orit h m 

(Ir wi n  et  al.,  2 0 0 8).  N E M E SI S  h a s  b e e n  u s e d  e xt e n si v el y  t o  m o d el 

i nfr ar e d s p e ctr a of o ut er S ol ar S y st e m b o di e s pr e vi o u sl y; t h e r e a d er i s 

dir e ct e d t o ( L o m b ar d o et al., 2 0 1 9 a ) a n d r ef er e n c e s t h er ei n f or f urt h er 

di s c u s si o n of t h e m o d eli n g m et h o d. 

O ur a n al y si s pr o c e e d s b y fir st d et er mi ni n g t h e t h er m al str u ct ur e of 

Tit a n ’s  str at o s p h er e  o v er  t h e  d ur ati o n  of  t h e s e  o b s er v ati o n s.  Str at o -

s p h eri c m et h a n e i s w ell c o n str ai n e d i n a b u n d a n c e, t h u s w e c a n m o d el 

t h e ν 4 b a n d of m et h a n e fr o m 1 2 7 5 c m  1 t o 1 3 2 5 c m 1 b y o nl y v a r yi n g 

t h e t e m p er at ur e a n d a er o s ol a b u n d a n c e ( c o ntri b uti n g o nl y t o t h e c o n -

ti n u u m of t h e s p e ctr u m) t o b e st fit t h e o b s er v ati o n s. 

T h e str o n g e st i s o b ut a n e b a n d i n t h e CI R S r a n g e i s ν 4 ( a1 ), w hi c h h a s a 

s h ar p Q- br a n c h at 1 4 7 8 c m  1 (Fi g. 1 ). T h e str o n g e st n - b ut a n e b a n d s i n 

t h e  CI R S  r a n g e  ar e ν 3 1 ( b u ), ν 3 0 ( b u )  a n d ν 1 4 ( a u )  at  1 4 6 2,  1 4 6 6  a n d 

1 4 7 1 c m  1 ,  r e s p e cti v el y,  f or  t h e s-tr a ns c o nf or m er  of  C 2 h s y m m et r y 

(D u ri g et al., 1 9 9 1 ; S h ar p e et al., 2 0 0 4 ). H o w e v er, d u e t o t h e f a ct t h at 

b e y o n d  a p pr o xi m at el y  1 4 0 0 c m  1 CI R S  s p e ct r a  b e c o m e  aff e ct e d  b y 

ali a si n g fr o m hi g h er w a v e n u m b er s d u e t o t h e F T S n at ur e of t h e i n str u -

m e nt, w e m o d el t h e r e gi o n fr o m 1 4 4 0 t o 1 4 8 0 c m  1 . T hi s s p e ct r al r e gi o n 

h a s b e e n s u c c e s sf ull y m o d el e d pr e vi o u sl y b y L o m b ar d o et al. ( 2 0 1 9 a, 

2 0 1 9 b) . 

Si n c e w e d o n ot h a v e s p e ctr al li n e li st s f or b ut a n e a n d i s o b ut a n e, w e 

m a k e u s e of t h e s a m e m et h o d d e s cri b e d i n Ni x o n et al., 2 0 1 3 . W e m o d el 

a s b e st w e c a n t h e s p e ctr u m i n cl u di n g s p e ctr al li n e li st s f or all s p e ci e s 

k n o w n  t o  e mit  i n  t hi s  r e gi o n  -  et h a n e,  pr o p a n e,  a n d  a er o s ol  h a z e. 

S p e ctr al  li n e  d at a  f or  m et h a n e  a n d  et h a n e  ar e  fr o m  HI T R A N  2 0 1 6 

(G or d o n  et  al.,  2 0 1 7 ),  s p e ctr al  d at a  f or  pr o p a n e  ar e  fr o m S u n g  et  al. 

( 2 0 1 3) a n d  t h e  s p e ctr al  c h ar a ct eri sti c s  of  t h e  a er o s ol  h a z e  ar e  t h o s e 

d e fi n e d i n Vi n ati er et al. ( 2 0 1 2) . Aft er w e h a v e s u c c e s sf ull y m o d el e d t h e 

s p e ctr u m, w e c o m p ar e t h e r e si d u al – t h e diff er e n c e b et w e e n t h e o b s er-

v ati o n s  a n d  t h e  m o d el – t o  t h e  l a b or at or y  s p e ctr a  f or  b ut a n e  a n d 

i s o b ut a n e.  If  n o  si g ni fi c a nt  e mi s si o n  i s  s e e n  i n  t h e  r e si d u al,  w e  c a n 

pr o c e e d  t o  c al c ul at e  a n  u p p er-li mit  f or  t h e  s p e ci e s  u si n g  t h e  m et h o d 

d e s cri b e d i n t h e f oll o wi n g s e cti o n. 

3. 3.  M o d eli n g r es ults 

R e s ult s of t h e s p e ctr al fltti n g ar e s h o w n i n Fi g. 4 . T h e r e gi o n of t h e 

CI R S s p e ctr u m p a st ~ 1 4 0 0 c m  1 i s dif fi c ult t o m o d el d u e t o m a n y br o a d 

o v erl a p pi n g b a n d s ( n ot a bl y fr o m m et h a n e, et h a n e a n d pr o p a n e), c o n -

tri b uti o n s fr o m p ot e nti all y u n d et e ct e d s p e ci e s, a n d ali a si n g fr o m hi g h er 

w a v e n u m b er s. 

W e d o n ot d et e ct i s o b ut a n e wit h t h e CI R S s p e ctr a b ut c a n c o m p ut e a n 

u p p er-li mit f or it s a b u n d a n c e. A s d e s cri b e d i n Ni x o n et al. ( 2 0 1 3) , t h e 

s p e ctr al r a di a n c e of o pti c all y t hi n m ol e c ul ar e mi s si o n li n e s i s pr o p or -

ti o n al t o t h e m ol e c ul ar a b u n d a n c e (q ), a b s or pti o n cr o s s s e cti o n ( k ), a n d 

t h e t e m p er at ur e a n d pr e s s ur e at t h e s o ur c e of e mi s si o n (T a n d p ). D u e t o 

t h e diff er e n c e i n t e m p er at ur e b et w e e n Tit a n’s str at o s p h er e ( T T , 1 5 0 K) 

a n d t h e l a b or at or y e n v ir o n m e nt at w hi c h t h e a b s or pti o n cr o s s s e cti o n s 

w er e  c al c ul at e d  ( T L ,  2 7 8 K  f o r  P N N L  a n d  2 1 0 K  f or  i s o b ut a n e),  w e 

Fi g. 2. Pr e s s ur e s eri e s of t h e ν 4 b a n d of i s o b ut a n e at 2 0 9 K wit h N 2 a s a b r o a d e ni n g g a s.  
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i n cl u d e a fir st or d er c orr e cti o n f a ct or: 

f ðv ; T T ; T L Þ  ¼
e x p ð   c 2 v = T T Þ= V ðT T Þ

e x p ð   c 2 v = T L Þ= V ðT L Þ

w h e r e  c 2 ¼ h c / k ¼ 1. 4 3 8 8 c m K,  a n d V (T )  i s  t h e  vi br ati o n al  p artiti o n 

f u n cti o n of t h e m ol e c ul e. N ot e t h at t h e P N N L cr o s s s e cti o n d at a u s e d 

w er e r e c or d e d at 2 7 8 K b ut pr o vi d e d i n u nit s of p p m  1 m  1 at 2 9 6 K; 

c o n v er si o n  t o  c m 2 / m ol e c ul e  u nit s  r e q uir e s  m ulti pli c ati o n  b y 

9. 2 8 6 9 7 � 1 0  1 6 c m 2 m ol  1 p p m m. T h e vi b r ati o n al p artiti o n f u n cti o n s 

w er e c al c ul at e d a s s u mi n g t h e h ar m o ni c o s cill at or a p pr o xi m ati o n wit h 

t h e vi br ati o n al fr e q u e n ci e s f or n - b ut a n e t a k e n fr o m D uri g et al. ( 1 9 9 1) 

a n d t h o s e f or i s o b ut a n e fr o m M a n z a n ar e s et al. ( 1 9 9 5) . 

If w e d e n ot e t h e Pl a n c k f u n cti o n at w a v e n u m b er ν a n d t e m p er at ur e 

T T a s B (v , T T ), w e c a n w rit e t h at 

Iðv Þ∝ k ðv Þ f ðv Þ q p  B ðv ; T T Þ;

w h e r e I( ν ) i s t h e bri g ht n e s s of t h e m ol e c ul ar e mi s si o n. T o e sti m at e t h e 

u p p er li mit of i s o b ut a n e, w e t a k e t h e r ati o of t hi s e q u ati o n b et w e e n t h e 

bri g ht e st li n e of t h e i s o b ut a n e s p e ctr u m a n d a pr o mi n e nt li n e i n t h e CI R S 

s p e ctr u m - i n o ur c a s e t h e 1 4 6 8. 5 0 c m  1 et h a n e li n e - a n d r e arr a n g e t o 

s ol v e f or q 

q C 4 H 1 0 m a x
¼ q C 2 H 6

k C 2 H 6

k C 4 H 1 0

f ð C 2 H 6 ; T T ; T L Þ

f ðC 4 H 1 0 ; T T ; T L Þ

s p e ctr al err or

IC 2 H 6 

W e u s e t h e s a m e m et h o d t o c al c ul at e a n u p p er-li mit f or n - b ut a n e, 

u si n g  l a b or at or y  cr o s s  s e cti o n s  fr o m  t h e  P N N L.  V al u e s  u s e d  i n  t h e s e 

c al c ul ati o n s ar e gi v e n i n T a bl e 2 . 

W e c al c ul at e a 3- σ u p p er li mit of n - b ut a n e of 5. 1 3 e- 7, a n d i s o b ut a n e 

of 3. 9 1 e- 8. T h e s u m of t h e s e v al u e s, 5. 5 2 e- 7 i s c o n si st e nt wit h pr e di ct e d 

a b u n d a n c e of b ot h i s o m er s pr e s e nt e d i n ( D o brij e vi c et al., 2 0 1 6 ), w h o 

pr e di ct a str at o s p h eri c a b u n d a n c e i n t h e r a n g e ( 2  1 0) e- 7. 

4.  Di s c u s si o n a n d c o n cl u si o n 

I s o b ut a n e s p e ctr a w er e c oll e ct e d o v er a wi d e r a n g e of t e m p er at ur e s 

a n d br o a d e ni n g g a s pr e s s ur e s i n or d er t o si m ul at e t h e v ari o u s c o n diti o n s 

pr e s e nt  i n  t h e  at m o s p h er e s  of  Tit a n,  J u pit er  a n d  S at ur n.  T h e  at m o -

s p h er e s  of  J u pit er  a n d  S at ur n  ar e  pri m aril y  c o m p o s e d  of  h y dr o g e n, 

w hil e t h e pri m ar y c o m p o n e nt of Tit a n ’s at m o s p h er e i s nitr o g e n, m a ki n g 

h y dr o g e n a n d nitr o g e n t h e l o gi c al c h oi c e s f or br o a d e ni n g g a s e s. 

T h e c h a n g e s i n t h e s p e ctr u m d u e t o v ar yi n g br o a d e ni n g g a s pr e s s ur e 

a n d  t e m p er at ur e  c a n  b e  s e e n  i n Fi g s.  3  a n d  4 ,  r e s p e cti v el y.  A s  t h e 

pr e s s ur e of t h e br o a d e ni n g g a s i s i n cr e a s e d, a d e cr e a s e i n t h e r e s ol uti o n 

i s o b s er v e d d u e t o pr e s s ur e br o a d e ni n g. A si mil ar tr e n d i s o b s er v e d i n 

t h e t e m p er at ur e s eri e s, w h er e t h e r e s ol uti o n d e cr e a s e s a s t h e t e m p er a -

t ur e i n cr e a s e s fr o m D o p pl er br o a d e ni n g a n d h ot b a n d s. 

Alt h o u g h b ut a n e i s pr e di ct e d b y c h e mi c al m o d el s t o b e d et e ct a bl e i n 

Tit a n ’s at m o s p h er e, w e d eri v e o nl y u p p er li mit s f or i s o b ut a n e ( 3. 9 1 e- 8), 

n - b ut a n e  ( 5. 1 3 e- 7)  a n d  b ot h  i s o m er s  ( 5. 5 2 e- 7).  O ur  u p p er  li mit s  ar e 

c o n si st e nt wit h t h e l o w er li mit of t h e a b u n d a n c e r a n g e of b ut a n e pr e -

di ct e d b y t h e d et ail e d m o d el of D o brij e vi c et al. ( 2 0 1 6) . 

A s eri e s of i s o b ut a n e s p e ctr a w er e r e c or d e d t o pr o vi d e a str o n o m er s a 

c at al o g  wit h  w hi c h  t o  m a k e  a c c ur at e  si m ul ati o n s  of  a str o n o mi c al 

s p e ctr a. T h e s e d at a w er e u s e d t o d et er mi n e a n u p p er a b u n d a n c e li mit f or 

i s o b ut a n e i n Tit a n’s at m o s p h er e wit h CI R S s p e ctr a. U p p er li mit s w er e 

al s o d et er mi n e d f or n - b ut a n e u si n g P N N L cr o s s s e cti o n s a n d t h e b ut a n e 

u p p er li mit s ar e c o n si st e nt wit h t h e l o w er li mit of pr e di cti o n s of st at e- of- 

t h e- art c h e mi c al m o d el s of Tit a n’s at m o s p h er e. 

Fi g. 3. T e m p er at ur e s eri e s of t h e ν 4 b a n d of i s o b ut a n e at 1 0 T orr N 2 a s a b r o a d e ni n g g a s.  
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