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High-Resolution Spectra of Cl-i4 In the

2700 to 3200 cm 1 Reg ion

I . INTRO DUCT iON

The AFGL atmospheric line compilation contains the line p arameters  of the

infrared methane bands. 1 The work on methane was started by K yle and later re-

vised by Fox. 2 The compilation of methane is ra ther  extensive. covering most of

the major infrared bands; however , it is still considered incomplete. The most

intense band of methane in the infrared region is the so-called v.~ band (00011001 —

00000000 transi t ion according to the designation used in the AFGL l ine  compi la t ion)

of C 12H4, extending in spectral range from 2700 cm~~ to 3200 cm
_ I

. The line data

for this band are compiled from both existing experimental  data and theoret ical

anal ysis. Other methane bands, which are weaker than  the band of C 12114 but

make a significant contribution to infrared absorpt ion in th i s  region , a re the 1)3 of

C 13H4 (0001 1001 — 00000000) and the 
~~~ 

+ 1)41 of C 12 H 4 (0110112 — 00000000) . The

calculated strength of lines in these bands , which are in the compilat ion , ranges
— 2 3  - 1 9 .  . -1 -2

from 10 to 2x10 in uni ts  of cm / (molecu les  cm 1.

The methane spectrum in this  spectral range (2700 -~ 3200 cm 1) exhib i t s  a

somewhat complex s t ruc ture .  If the spectroscopic m e a s u r e m e n t  is n:~dp t ct resolve

(Rece ived  for publicat ion 24 November ln 7 6 1

I . ?dcClatchey et al ( 1 9 7 3 )  A F C R L  Atmospheric Absorption 1~~ne P ar am e t e r s  Corn-

~~~atj on , AF CRL -T R-7 3-0 09 6 .

2 . Fox , K. ( 1q73 )  Anal ysis of Vibra t ion-Rota t ion  Spectra of ~1etha n e .  A F ( ’ R T -TR -
73-0738.
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all the spectral lines , the resolution )f the spectrometer must  be at least as f ine  as

the Doppler width of these lines , that is , 0. 0047 cm~~~. Our 2-rn  p a t h - d i f f e r e n c e
interferometer spectrometer 3’4 is capable of producing the required resolut ion.
The present work was accomplished to achieve two goals: tes t ing  the p e r f o r m an c e
capability of our interferometer . and examining the line para :~~e te rs  compi led  for  the
3-/L methane lines in the AFGL atmospher ic  line compilat ion.

Traditionally, the spectral analysis has been m a in l y  concerned w i t i  the deter-  S

mination of line positions in the measured spectral band. On the other hand , very
little has been done in the way of anal ysis  of measured l ine  s t rengths  and wid ths  of
individually measured lines. The present work was under taken  to devise an aa 4~~-
matic computation program for  anal yzing line strengths and widths  as vei l  as for
determining line positions.

2. EXPERIMENTAL PART

The interferomet er  spectrometer used for the present  r e a s u re m e n t  has been
described in previous report s , together with the scheme for  record ing  the inter-
ferogram function. ~~~~~~ The computational method used in process ing the  interfero-
gram data to obtain the spectrum was also described in the above reports;  conse-

quent ly0 no detailed description of it will be presented here.  The descr ip t ion  that
follows highlights those features that are per t inent  to the present speci f ic  :neasure-

ment.
The interferometer, with its auiciliarv optical components,  is housed in a

vacuum chamber. Figure  1 is a schematic d i ag ram showing the a r r angemen t .  I h e

radiation f rom the primary source , which is a small t un g s t e n - f i l a m e n t  incandescent

lamp GE 51 , is f i r s t  focused on a blade of a v i b r a t i n g  reed chopper d r t v en  at a r a te
of 450 Hz . A spectral bandpass f i l t e r  is placed between the source  and the  chopper
to isolate the spectral region of interest.  The chopped beam is re focused  ~t t h e
l - mm - d i a m  entrance aper ture , and then col l imated us ing  a l l- r e f l ec t ing  ont ic s .  A
10-cm-long absorption cell , made of fused quar tz , is p laced before  t h e  inte r fe r -

orneter  and in the path of the collimated beam.  Two PbS detectors  o p e r a t i n g  at
l iquid n i t rogen  t empera ture  are placed at both output end s of th e  in t er f e ron i et e r
to observe the complementary  modulat ions  of the  i n t e r f e r o g ram  s i g n a l s .  The
6329 l ine f rom the f requency-s tabi l ized H e -N e  cw l a s er  slipp i C U  the  ref erence
si g n a l  used to control the in te r fe rometer  stepping and the  i n t e r fe r o g r a m  la t a  samp-

l ing .  No correct ion is needed to the measured  l ine p o s i t i o n . s ince  the  whole

3. Pri tchard et -Il  (1973 )  Two-Meter  Path Difference ln t e r fero rne t e r  for F o u r i e r
Spectroscopy, A F C R L- TR - ’13-0223.

4. -‘a ka l . II . ( 19 7 4 )  H igh-Reso lu t ion  Four ier  Spectrosc~j v ,  . \F C R T . - T R - 74 - 05 7 1 .
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interferometer system is under vacuum and the atmosphere does not i nfluence the

calibration.

0

\cM’~. M 4

ML9 i~.L~/~~~~~ CM 2 f~~M2 
M~

M 4~
q; ~~~~~~~~~~~~ 

u14 
~~~~~~~~ 

I I I I I

0 5 l 0  20 30 40
Sca le  In I n c h e s

Figure 1. Optical Layout of Interferometer  and its Aux i l i a ry
Optics. (h\1 1: stationary cat’ s eye; CAl 2 : movable cat s eye;
SM 1: piezo-electric crystal t r ansducer ;  SM 2: magnetic motor;

• SM 3: pr inted circuit motor; S1: signal sources; S 2 : reference
laser; C: chopper; F: f i l ter ;  F: entrance hole; D 3 and D4 :
interference fringe signa l detectors; B. S.: beam spl i t ter  pla te ;
D 1 and D2: interferogram signal detectors; M s mi r ro r s

The scheme used for record i ng the interferogram data is shown in F igu re  2.

The detectors are carefully positioned to produce opt imum balance of t he i r  output

modulations. After  these outputs are individuall y amp lif ied , they are sub t rac ted

from each other to yield an interferogram signal that  is modulated about zero volt-

age. :\n analog phase-ad jus t ing  circui t  is inserted in one channel , p r i o r  to the

dif ferencing ampli f ier , to improve signal balancing . An ana log - to -d ig i t a l  conver ter

is used to convert the interferogram signal into a series of digi ta l  numbers . The

PDP 8e minicomputer  performs the ar i thmet ic  operations on these d i g i t i z e d  va lues ,

the operations being equivalent  to synchronous demodula t ion  and in tegra t ion .  The

in t e r f e r o g r a m  data thus obtained are recorded on digi ta l  magne t i c  tape and pro-

cessed at the centra l-s i te  large-scale  CDC 6600 computer.  The overall  dy n a m i c

r an g e  in this recording scheme is better than  18 hi ts  (approximate ly  2 . 6  l0~ ) .

_______ _  
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Figure  2. Block Diagram of Data Acquis i t ion  ~v stem

The methane gas used in the present measurement  was of L inde  cp g rade .  The

amount of methane in the absorption cell was measured us ing a Texas Ins t rument

quartz  spiral pressure gauge and an oil manometer .  The stepping d i s t a n c e  of the

interferometer was set to twice the wavelength of the He -Ne  laser l ine , which

means that the ir iterferogram signal was sampled at every 2 X 6329 . 9 = 1265° . 8 !.

The measurement of a complete in ter ferogram took about 10 hr . covering an optical

path difference of 100 cm. The hold t ime of the l iqu id -n i t rogen-de tec to r  dewar

l imits  the total measurement  t ime to about 10 hr.  The measurements  were  ca r r i ed

out either at nig ht on workdays or on weekends , in order to avoid the h a r m f u l  dis-

turbances that  we cannot eliminate under normal  workday condit ions .
The spectral range covered in a single measuremer t  was approx imate ly  from

2700 cm 1 to 3200 cm~~~. As ment ioned above , a spectral  band pass f i l t e r  w a s  used

to isolate this  spectral region. The recorded interferogram contained about io 6

data point s , which is considerably more than necessary  to s a t i s fy  the sampling

theorem.

F igure  3 shows typ ical methane spectral data obtained by Fourier-transforming

the recorded in t e r f e rog ram data. The spectrum represents  the Q branch region of

the C 12 H 4 u~ hand.  The periodic modulation of the  peak power observed in the

spectrum is channelled spectrum , caused by the spectral  bandpass f i l t e r .  The

spectral resolut ion , which  corresponds to the d i s t ance  between a dj a c e n t  independent

spectral data points , is 0. 006 cm ’. corresponding to a m a x i m u m  optical  path dif-

ference of 90 cm. Table I s u m m a r i z e s  the exper imenta l  condi t ions  un der  wh ich

data were taken  for the  present ana lys i s .
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l igure 3. Raw A le thane  Absorpt ion  Spec t rum

Table 1. Su m m a ry  of the Data R u n s  Taken for Va r ious  Methane  P res su res
(\ h s o r p t ion  cell length = 10 cm)

M e t h a n e  Pressure  in mm l-lg No . of l I n u s

1. 0 4

1, 6 4

2 .5  1

2.7 6

9.0 1

• 2 1 . 0

I) ~T ‘a ‘ a \ \ L Y ’~I”
I ~

•A n llv sis of the spectral data was c a r r i e d  out l c ( - o r d i !C  to the  sea eni e s h o w n

in the flow d i a g r a m  of Figure 4. The ahso rpt an ce sp e ct r u m  produced  l v  t he  f i r s t

~t - ge program i s shown i n F i gure  5. In the next stage the positions, of all ~bso rp-

tion peaks were determined to an accuracy l etter than 1/8 of tb pectral resoi tion.

Tile last stage of the sequence was to determine the strengths and w i d t h s  of a l l

observed lines , using the least—square-error curve-fitting algorithm . in  co~~~t r - c-t-
- • log the l a s t  stage a l go ri thm , the following assumptions were made: (II t h e  li es

may be c h a r a c t e r i z e d  as h i v i n g  a I~ ipp le r - h r oa de n e d  Gaussian shape ; (2 )  a l l  j u t s

ire  free of severe over l app ing so t h at  the  ol se r v e d  peaks  correspond to  he  centers

(1 
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of t i e  lines; and (3) il l ies are  not st ro r g l v  s t i r - a t e d  at t h e  r :h~ nr p t  on pe~~cs

The algorithm was - l I e  to produce the strengths and widths of each r o u s t  ~~ en t  line ,

even in the ca se whe re t h e  lines being an i’ 7e ’I overlapped son- ewh .

PROGRAM I 1
CALCULATION OF ARSORPTANC±

]

PROGRA M I I

DETERMINATION OF ASS OR PTIO N
PEAK AND ITS cm~~ F i gure  4 .  Flow D i a g r a m  of ~ D e(~~rn - ta

SELECTION OF A PROPER A n a ly s i s

SPECT RAL RANGE

PROGRAM III

O DETERMINATION OF STRENGTH S
AND WIDTH r

CH 4 -

~~~~ I
I H ~

1 ~~~~l ~~ 

I~~ i~~~ 
‘a~ ~ ~~~ 

‘
~~ ~i ~ 

~~~~~~~~~~~~~~~~~~~

Figure 5. (114 •-hhsorptance Spect rum
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The f i r s t  a s sumpt ion  is considered a p p r o p r i a t e , s ince  t h e  p r e s su r e d  ranges

used for all the m e a s u r e m e n t s  were  qui te  low . The i n t e r m o l e cu l a r  c o l l i s i o n s  in

those pressure  ranges  do not produce any s i g n i f i c  o u t  l i ne  h r o n o I e n ng .  The ‘v d ths

de t e r m i n e d  for  most of the data were  not too d i f f e r e n t  f r om  t o  t h e o r e t i c a l ly  calcu-

lated va lue  of 0. 0047 cm 1. Thus , there  is no i n d i c a t i o n  of i n r - o n s i s t e n c v  between

the assumpt ions  and the results obta ined.

The second a s s u m p t i o n  can  be tested by e x o n u n i g t he  ‘.v d t h s d e t e r m i n e d  f rom

the analysis.  An unusually l ar g e  v ine of l ine w i d t h s  compared w t :  t h ose le te  -

ru ined for  neighbor ing l ines would ind ica te  the presence of h idden  l i es , even if the

observed data suggest a s ing le l ine.  This was not the case for  mos t of the  d a t a

ohse .ed , except for  the forb idden  b ranch  where  the b lend ing  is q u i t e  s e ’o r e .

The third -o s s u r u pt ion  is the most c r u c i a l  r i m  for  dec id ing  on the  app l i c I h i l t :

of the o l g o o i th r r . It was found that  the a l g o r i t h m  f : o : l e d  to p roduce  a uni que  set of

s o lu t i o n s  for  the s t rengths  and wid ths  of l i ne s  t h t  a re  too strong. n o r  t h e  ab-

sorption coef f i c ien t  it the l ine center  exceeds a c e r t a i n  t h r e sh o l d  y a h o o , i n t e r -

dependency between these two pa rame te r s  b e c om e s  too hig h to al low independen t

de te rmina t ion  of the strength and width .  I t e r a t i v e  appli o - o t :o n  of t h r ~ leas~ - s m n n re

c u r v e- f i tt i n g  computa t ion  for th i s  case f a i l s  to produce  a convergent  ~et r i f  ~n l t ons,

This d i f f i c u l t y  can be avoided by select ing the a p p r o p r i a t e  range of p l e s s a r e s  for

the analysis of ind iv idua l  l ines .  The s t ronger  l i n e s  were  ana lyzed  us ing  0:e low

pressure  d o t i , ~vh i l e  the weaker l ines were  processed us ing  the  high pressure  h a t : .

The l ine  parameter  data produced f r o m  data f rom each n t e r f e r o g  r n :  were

normal ized  according to the methane concen t rat i on  present  in the absorp t ion  cell .

The data obtained f rom all i n t er f e r o g r a m s  were collected for  t h e  i n d i v i d u a l  l ines

and o v e r ~~~i d . Figure  6 shows a comparison between one of the obser e l : b s o rp -

tar ice spectrum and the spectrum calcula ted for the same n et i : ine  con c e n t r a t i o n
- s ing  the l ine  pa r ame te r s  resu l t ing  from anal ysis  of the present  da ta .  The agree-

- ent between these two spectra is adequa te  to conclude tha t  the l i n e  pa ramete r s

determined in this work are acceptable and ~:i th in  e x p e r i m e n t a l  er ror  for t h e  pre-

:- If l t  measurement .
F igure 7 shows a compar ison  be tween  the observed ob sox’ p t nce  spec t rum and

t i - at  synthesized from the line parameters compiled by Fox. It can he seen d o t  the

h ind head section of the t~ b r - m r -h s hows  s t i s f - o c t o r ~ agreement. Di~ cr’epaucv be—

t w c e n  these two spect ra  is n o t i c e a b l e , h o w e v e r , in the region below 30 13 e o

w h e r e  ~~~ h o r s  o r e  due to t r o s i t i o :n s  b e t ’. v ’ c n  l e v e l s  co r respond ing  to h i g h rota-

m m m l  q u a n t u m  n u m b e r s .

11 
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Figure 6. Comparison of Observed C114 Absorptance Spec t rum \V ith Synthetic
Spectrum Calculated Using the Line Parameters  Derived From Present  Anal ysis
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Figure 7. Comparison of Observed CH 4 \hsorptance  Sp e c t r u m  W i t h  ~v n t h e t i c
Spectrum Calculated I s ing  the Line P a ra m e t e r s  Compiled hv F o x
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I. HFSL LF~ ‘a \ I )  I)NCL S~ IO\

The results of th is  stud y are listed in Tab l e  2 , us i ng the fo rma t  of the AFGL

atmospheric  line compi la t ion  ( F l O .  3 , F 10 . 3 , 1 5 . 3, F 10. 3 , 2 \ 9 . 2A 8 , 2 14 , 13) .

The lines are usua l ly  iden t i f i ed  according to the line listing compiled by Fox,

Values  for  the  widths  a co lef t  blank , since the  present work essent ial l y only mea-

sured the Dopp ler -broadened  width .  .-\ s indicated in F igure  7 . the  l i ne comp i lat ion

for the spectral r ange  of 3000 cm 1 to 3013 cm 1 is uns t i s f a c t o r y .  Of the l ines

observed in th i s  spectral  range, ident if i cat i on i s ass i gned onl y to those l ines that

show good agreement  wi th  the l ine comp il at ion. The unidentified lines show a blank

S space between column 27 and 77 , The values of the lower energy levels in the

present list are taken f rom the  recent French work. The internal identification

code that appears from column 81 through 84 is 36 for the present result. The

l ines for the forbidden Q~ branch in the range around 3020 cm are those com-

piled by Fox , and are indicated by the code 73. The anal ysis  of these l ines  \ V S

not attempted because of their severe overlapping. Several other C
12 114 l ines of

the V3 
band are also left unanalyzed , because of the same d i f f i c u l t y .  Those l ines

are listed in Table 3.
After  the ma jor portion of the present work had been completed . h ut l o e f o r i

this  report was wri t ten , work by Pine was publ ished.  6 He measured  the m aj o r
&2 114 lines of the V 3 band between 2916 cm 1 and 3123 cm~~ us ing  the t o b le

laser  technique.  The spectral resolution that he a t ta ined  us ing  the laser  t e c h n i q u e

is better than lO 4 cm 1. The s igna l - to-no i se  ra t io  of h is  m e a s u r e m e n t  is s ign i f i -

cantly better thanthat  of the present measurement . The l ine strength values  obtained

by Pine for  those lines are slig htl y h igher  than the values compiled by Fox (about

20 to 30 percent) , while the values obtained by the present  work average a round  the

Fox values .

5 . Tar rago  et al (1 9 76 1  J. Mo!. Spect rosc. , 57:246 .

6, Pine, A .S, ( 197 6 1 .1. Opt. Soc. A m . ,  66 :97 .
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Table 2. Results Obtained
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Table 2 . Resul ts  Obtained (Cont )
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Table 2. Results Obtained Wont 1
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Table 2 . Results Obtained (Cont)
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Table 3. The Lines Unanalyzed Because of a Severe Blending

2917 .653  00011001 00000000 9 10Fl3 l0 l0F23  211

2917 .6 6 2  00011001 00000000 910 E2 1010 E2 211

3013. 711 00011001 00000000 9 9F2l  9 9F 11 211

3013. 724 00011001 00000000 9 9 1- 11  9 9F2 1 211

3014 .735 00011001 00000000 8 8F22 8 8F11 211
a

3014. 746 00011001 00000000 8 8 E2 8 8 E2 211

3017 . 815 00011001 00000000 4 4 F 2 1  4 4F 11 211

3017 . 825 00011001 00000000 5 5F22 5 5F 12 211

3048. 153 00011001 00000000 3 2 El  2 2 E l  2 3 1

3048. 169 0001100 1 00000000 3 2F 11 2 2F2 1 211
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