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High Resolution Spectra of CO2 in the

3500 to 3770 cm- ’ Reg ion at 625°K

I. I\Ti{Ol)t (:1-IO\

The present measurements  of CO 2 at an elevated temperature w- re undertaken

in order to update the AFGL line compilation 1 that is used throughoA the Dol) for

determining the spectral characteristics of the atmosphere . K nowledge of the

emission , t r ansmiss ion , and absorption of the atmosphere is of c ruc ia l  importance

fo r mil i tary systems that operate either within the atmosphere a n d f o r  looking

throug h it. The spectral emission of targets  is sometimes due to molecular sys-

tern s at elevat ed te m pe rat ur es , and it is , the r efore , neces sary to det erm i n e  thei r

spectral charac te r iot ics  at these elevated temperatures .
A more fundamen ta l  reason for mak ing  such measu remen t s  is to obtain experi-

mental  data to compare with  the theoretically predicted spectra . A s is the case

with CO 2. many  t imes  the synthetic spectra are calculated using molecular param-

eters that were obtained from room -temperature data of lower resolution. It is not

surprising that the experimentall y obtai ne d hig h-resolution elevated-temperature

data will exhibit differences when compared with the theoretically predicted data .

On ce t he expe r im ent al data a re obtain ed , it is possible to recalculate the molecular

parameters  and also the ref ined synthetic spectra .

(Received for publication 9 February 1977)

1. McCiat chey et ai (1973)  A F CR L  Atmospher ic  Absorpt ion Line Parameters
Compila t ion,  A FC R L - TR -73-0096.
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l ir I l l  lv . It ll} I l ,u ld Ill l I i I p ! I i h S i Z I ’ i  t h a t  k n ow i c i r e  I f  t h e  o pe l- t r i O  -ha  - h c t h - r I o t I I -o

of ( l i e  ; tt r o o ; m !  Il - r h  I i ) ) of t I l l -  i r io lecular e f f l u e n t s  (If I I  i i i t i r v  t O Ol- I  veh icle-i  ( t l i u i c.C (

and -O a k s  I S  of \ t : i l  i l I l I t I I I I l’ ‘Ill’ S O I l ’ of t h e  t e ch n i q u e s  h e i r I . i l roposeI l  for

t r l i l i t a r ’ v  s u r v e i l l a n c e . I I - o h ’  t e c h n i q u e s  a s Su i r l e  c e r t a i n  sp e c t r a l  c h a r a l - t h ’r i s t i l ’ s

for bal-kgo-001llls lil t II! r ; l r O e t .o . 111111 I 11)1-rate on the  bas is  of th e  1-0 1-re la t ion of t he

a S i i I l r i e l l  and let  I I I  5111 1 ral  ch a ra c ’t e r i at u - s . ( ‘ o n se qu e n tl v , these  t e c h n iqu e s  l ie  —

per i l i  On t h e  ‘ - hpalli l it v Of h c l l I l ’ : I t C I V  pr e d ict i n g  t a rg e t  s p e c t r a l  c h a r a c t e r i s t i c s ;

o t h e r -w i s e  I h,-v a I-c in e f f e c t i v e  and have high f a l s e  — a l a r m  rates .

The  2. 7 p s p e c t r a l  c h a r act e r i s t ic s  of CO 2 at 625 1,K and w i t h  a resolut ion of
11 , 0 1  ( ‘ i l l  W I - r e  ob t a ined  i n  the  present n ieasurenlent s  and are  reported here. The

“— os i - i n  I- l It  I I  1 111 1 1(1111115 for the measurements  are described and the obtained data

1 - I l - I p a r el l  w i t h  ‘ l I t ’  t h eo re t i c a l ly  pre dicted (iOta that  fo rms  part of the 5 i”GL l ine

compi l a t i on .

2. EXPEI(IM~1\ - I ’~~I -rE(: lI~~IQL i:

The i n s t r u m e n t  used to  obtain the  hig h- reso lu t ion  data is the Idealab Model 100

i n ter ferometer  spectrometer (Figure  1). It is a custom-built , 2 me ter path ( h f f e r —

ence cat ’ s eye inte r feronl e ter  that operates in the  stepping mode ra ther  t h a n  the

continuous drive mode . This i n terferometer  and the data-recording scheme have

been described in previous publi cations 2 ’ 3 and will  not be discussed here. The

output data front  the in ter ferometer  have to be Fourier transformed to obtain the

spect ral in format ion  of interest.  A de tailed description of the technique for proces-

s ing  the j n te r fe rometer data can be found in the above publications , and will not be

touched upon here. l) e sc ‘(bed herein is the hot cell tha t had to be assembled for

the meas urements , as well as the auxi l iary interface chamber that  is being used to

coup le the hot cell to the 2 meter path d i f ference  in te r fe ronr e te r .

The hot cell was or iginal ly built for another project , hut it w i s  never assembled

and tes ted .  When it became evident that  hi gh- tempera ture  hip 1’ - resol”t  V ’I , niea-

surement s were necessary, for the reasons ment ioned above , the lint cell was

assemblel1 and tested at low resolution before  being brought  up to t h e  2 meter  oath

di f ference  in tet ’ferometer.

2 , l’r i t l ’h a r l t  et al (1973)  Two-Mete r  Path D i f f e r e n c e  In t e r f e r o nm e t er  for l” ourier
Spel - t r n oc op v , AFC R L—TR —7 3 — 0 223 .

1. S a k a i , Ii. (19 7 -1 )  fli gh-Reso ls~ ion F’ourier Spect roscopy , A F CR L - T R - 7 4 — 0 5 7 l .
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I - I i  r , - I - 9 - 11 Lo l i t  ‘h of I t ea lab \Il I,ll ’ I 101) I n t e r  I - r o t -  e l I ’ r O I l  t i l t  I
‘l ’llt ’ 1 l l \  11111 , l t s ’ ’ c  t u t t e  cliii Ill’ 510 ’ ! )  I I I  I -e n t e r  le ft , t I l l  I l ’ ’ I ’ ‘ -  i t  I I I

t o  I I  I i i  i t s  a t’ i - ’I . \ t  t h e  l ow e r  r igh t  is t i m e  fixe t I ’lit s S I 111111’ a Oh
t I i t’ Il l ’  I ’  - l i l t ’ , - I Slight iv 11901— I ’ :41111 10 the  le f t  Ill i t

Vie hot 1 - e l i I I I ~ i — I S  ‘f Pt ’  I l 1 l t  i ill 5 V 5 t 1 i l I  s how n  in I - m u t t ’ 19; l” igll r l’ 2a shows

t h e  I l O t h I l  — , ‘ t — i t i m  or  t I , -  iri t , -r’ta ,’ ,- I t a h l - r  t h a t  couple s  t he  hot ce l l  t o  t h e  2 l l l l ’ t I - r

lat h L I O I - ’r, i I e i t it I ’ . t I 0 , Il ’ , ’II ’r . bi t ’  h o t  i ’ I  op t i ca l  s v s t c l t  15 01509’ a l-v llnl tr il ’al

I’h a t r i h t ’r . The V I I I I I I  I of O h s  c o r i t l I ln e l l  w i t h i n  t he  optical  o v o t l i  is  hea t ed  liv 1

6 5 — f t  —lon g  h eat e r  -ih l ro t i  t h a t  is I - l O ch  a l o n g a s u l l o r t i r i g  s tru ctu i ’e  s u l-r ’ o u n d in i 7  t h e

o p t i ca l  sV otcrIl . i h i s  l I te r  r ibbon ( l i k e  a t l l I l o t c r ’ e l e m e n t)  e s s e n t ia l l y  for -i ll s a

,— v I  oi ler . i T I i i l h t ’  o f w h i c h  i s  t h e  hot ,-e l l  O l t i I ’ lt O V O I d - , i ’t ie m a i n  - v h i n l r i l -a l

- h a  ii 111 1 . whi  (‘9 1 OUt h il lS I (ii s comb) that (1111 of opt c -:, I os - O c t 1 1  a i l l  fu  r’r ia I -c 155  I ’ l l  I r i s - ,

too Imowh’t’ f e e , i — t t i r o u g t h s  to h eat t h e  1- e l I .  l’ower r d l ] I I I  ~l ’ t ’ l C nt s  for  t I l l s  h l r r i : h , -d are

2 1 1 )  \ I I  601) 5 i t l O X i t l t l l l t l ,

‘i he m a i n  - I l : l r r ; l , , - r  Iris t I l l W i t l I t I l W S  t h a t  5lUVd Os t ’ nt l ’z l t i c t’  h ill , - x i t  a p e r t u r e s

for t h e  ‘ t I I f l I 1 ’  ( i , 111.1 ir e  in h I a t e l t  is \\‘ in i-’igui’e 2lt , i t i t ’s , ’ w l r l to s t- s  l i , ’ S e a l e h t

w i t h  gai—11t ’t Of — i i I j ’ I l i r c  t ubber 11111 m ust he cooled  by - i  r ,-iI l: ht i l i ~~ It I t h ’ r  55 Ii, II, - v ei-

the  1 l ’ l l  i s  t o  h )( I l , I ’r l l t t ’ ( iho’.’t ’ 200 ’S’. h ’h e c o nt r o l  unit for t h e  , b l h l l I I I r ~-n t t ta i n s

I l l  05 t ’r —t h’ I ’ . t” ’ r l t l i r - I- f l r O t d l t  I n t l  t h e r r i l l i  015 t I l t i  t h a t  t u r n s  of f  t h e  I u l ’ n a l ’- it ,,”- I i . ’

IS i l l  t l1 ’.t’ I I ’ l l  - l I ’  1 111  T I  l I-I5 t o l l  hi gh .
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~‘igure 2. (a )  ln t e r f a , -e 5) 1! i i i  ~~‘. ~~t - i — I l l i r l -( -  S is a lso
located in t h i s  c ha m b e r , h i  t t o t  ( I I  ( l~~~~ - a l  Sv s t e t l -
55 - s are en t r ance  and exi t  st- i T i  II I n s  • S iS I 1a’ 01111)0 1 , ‘II - s

are m i r r o r s

li , ’  1 U i t i ’ a l  cel l  fIlrtlll(’e is l l -o lL’ r I l -d to  l I T e r at e  to  I t ’ l l  n l - r l ( I I i l - e ~ up to l000 & ’ in

an a t m o sp here  of (‘0 ,, it I l l - e - - m I lr e s  i l l  Ill about  2 l t t l l l O i l ! i l ’ r l - s  1110 1 l i l t . ‘f l t e  i h - - i t I ’r

e l e m e n t s  and o ther  h igh  — t - n - p e ra t ur e  fu rn a ce  t i m-I s  are 1:-a le of 0119 l O l l ,’’ 10 1

a l u m i n a  w i t h  t a n t a l u m  P o l l - t I e r s . The n i ir r o r s  i n s i d e  the  cell  are I - a l e  of i l l !’;

w i t h  a r h och ur r i l i lt  1)10

The chamber a n - I  i ts 111(1 1 0 ‘0’ S O t e T  c o le  I t o  p reven t  I l \ - er ! l e : lt  I l l ’ of I lie

V — r i ng  seals and to m a i n t a i n  ‘ T I l l ’ )  1 o I l  t I T i lerl t ure 1~ t h a t  ar e  1- l l r ’ I o r t a t lh e  11)1 1

s a f e  in l ose of con tac t  to Ull~ r ot  U I  p e r s o n n e l .  The 0 — r i n g s  Ire  made of S i t 1 i t1

and ( - annot  w i t h s t a n d  - en- i l l ’  t i l l  t i r e s  (b in-P  200 1 ’,

The t e m p e r a t u re of t h e  lot  cel l  is  (‘not r o l l ’  - I t ’V Il t el’ - e - r : h t  I l lS ’  — ,‘nr-itrol SVT’tt ’tli

th at is des igned  to  have ar t  o i l t u s t a h l  C set  t l l , i n t  a ‘i t  a : l r l ) i i r : l 1 -  niaht  e r a t e  of I - h O  f loe

of t e m p e r a t u r e. T h i s  os ~ t etn  lOt  r o t s  t 1 ie Il l l i t  of a I Ills cr : in i t  that  s u p p l i e s  the

h e al i n g  cu r r e n t  to  the f t i r t l a l - I - h ea l  cr 0 . i b i t ’  - a “h ’) ! ( ‘0111 ro l l  1L’ IS - V t ie  ac c o r d i n g

to an e r ro r  s igna l , - -t o -rat ,- i hs - 11w l e t -  i l , ’ r - : l ! l i T - e  i - P - 1 l ’ t l o I  h l, - t w c I - l i  a t h e r m o c o u p l e

and the 1 1 - T - l t I I - r a t u r e  set p000 , 111111 I t t ’ t e i ”  i i l l ~S W h I t l l l l r ’t i lOTl  of ‘h e  2 4 0 — 5  l i n e  voIhIlOc

is to he app l ied to t h e  he at er s . The I -ori t r n l  Ill!! also b ia s  an lOli t l l lt  cu r’rh’ r-.t — I i ’’- ibnt ~

h - t l u l t n : , ’Tl t  to l i m i t  t h e  nr ~ l 1 in i u n l  f u r - r o l e I u rr ’ , r l t  to 60 -5 .
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‘l’he hot cell  was  assembled  and tested to see if it operated as it was supposed

to. The t empera tu re  of the cell  was raised to 950°C and everything seemed to
work  p r o p e rt - - . It was then  decided to make low-resolut ion nieas I r e r i l e n t s  at an
elevated t e m p e r a t u r e. 15 smal l  2 cni t 

r e so lu t ion  r a p i d - s c a n  M i c h e l s o n  inter-

f e r o m e t e r  was  set up next  to t he hot cell , the radiation output of w h i c h  was fed into
the  i n t e r f e r o m e t e r .  The cell t e m p e r a t u r e  was stabilized at about 22 5° C  with 0 . 01

a t m o sp h e r e  of CO2 p r e s s u r i z e d  to 0. 1 atm osphere wi t h dr y N 2. About 100 rapid-
scan i n t e r f e r o g r a m s  w e r e  obt ai ned , co-added , . — d Fourier t r ans formed to obtain
the  spec t ra  s h o w n  in h - ’i gu r e s  3 and 4 . F-’i gures  3 shows a spectrum. of the b l ack -
body e m i s s i o n  clue to  the hot cell  as well  as the CO2 e m i s s i o n  at 4 . 3 and 2 . 7 p ,

—

4 3  3.0 2 5  2 0
I I I I

I 
__________ ______

I 

I

2000 3000 4000 5000 6000 7000
cm

Fi gure 3. CO 2 Flot (‘e l I  Spectr um :  R esol ut ion 1.9  rm~~~, Gas Temperatur e
625 ’K , Raw Spectrum

13
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0 ~~~

2000 3000 4000 -l 5000 6000 7000

Figure 4 . CO2 ~ot Cell Spectrum : Resoli~~ion 1.9 cm 1, Gas Temperature
625°K . Back ground Subtracted

The structure around 2 . 1 ~i has not been identified. (It was noticed that the large
bl ackbody background radiation encumbered the measurement ; in t ry ing to come up
with means of improving the measurements, a background suppression scheme 4

was conceived. ) Figure 4 shows the CO2 spectrum after the blackbody background
radiation had been subtracted from the spectrum of Figure 3. After the se  measure -
ments, the hot cell was moved near the 2 meter path d i f ference  in terferometer  and
coupled to it , using the interface optics illustrated in Fi gure 2a .

The interface optical system is enclosed in an evacuable chamber that is bolted
onto the hot cell chamber. It has an exit aperture window that lies very close to
the entrance window or the large chamber containing the 2 meter path difference
interferometer.  Figure 5 is a photograph of the hot cell and interface chamber in
their location abutting the 2 meter path difference in terferometer .

4 . Vanasse , G. A . ,  Murphy,  R . ,  and Cook , F. (1 9 76) Double-beaming technique
in Fourier spectroscopy, A pp . Optics, ~~ :290.

14
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Figure 5. Photograph of Hot Cell and Interface Cha m ~ ’ .er

3, EX PE RI M I~NT AL DAT A AM) COMPARISON SPECTRA

The CO2 spectrum shown in the upper section of Figures 6 through 29 were ones -
su redw i th  a pressure of 22 . 3 m m  Hg at a ~~~~~~~~~~~ o1625°K anda path lengt h Of 4
meters . The spectral resolution was 0.012 cm 1. It was noticed that the spectra
obtained were much noisier than those obtained with the same experimental  condi-
tion at 300°K. The di f f icul ty  encountered seemed to ori ginate in the n iu lt i t raversat
cell optics . The positional stabil i ty of the optical elements was inadequate for the
present measurement , when the cell temperature was operated at an elevated temp-
erature . The spectral data shown were obtained by averaging several interfero-
grams in an attempt to improve the signal -to-noise ratio .

The synthetic spectra shown in the lower trace of Figures 6 throug h 29 were
calculated for a CO2 pressure of 5. 26 turn Hg at 625~ K with a spectral resolution
of 0 .012 cnn ’

~
1
. The lower curves of Fi gures 6 through 29 are p lots of absorpt a rr-e;

that is , the ordinat e is a measure of the absorptance. The upper curves • wh i ch
represent the experimental  data , are the absorption spectra .

15
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~\ definite discrepancy can be I l ete cte l l  between these two c u r v e s, i n l l i ( a t i i i g a

need for innproven lent  of the c l l r i l p i l e l l  l ine  data . None t heless , t he hands lis t ed

for (~ 120
2
16 in Table  I were iden t i f i e d .  15 m ore ,letai led anal ys is of thes e bands

wi l l  be part of a future  study .

19 16Table 1. The Observed C 02 Bands and Their Band Centers

Band Center
Ban d (cm~~~)

30014 — 20003 3527 . 703
13312 — 03301 3528 . 036
21113  — 11102 3542 . 601
12212 — 02201 3552. 841

2 1 1 1 2  — 1 1 1 0 1  3 5 5 5 .  895

30013 — 20002 3556. 749

10022 — 00011 3566. 063
20013 — 10002 3568. 208
2 2 2 1 3 — 12202  3 5 7 8 .  670

11112 —-01101 3580. 334

20012 -— 10001 3589. 645

10012 — 00001 3612. 1144

10021 — 00011 3667.5-1 4

200 12 — 10002 36 : 2 . 418

2 1 1 1 2  — 11102 3700. 290
30011 — 20001 3705.927

20011 — 1 0 0 0 1  37 1 1 . 473

21111 — 11101 :17 13. 7 14

10011 — 00001 37 14 .781

11 111 — 0 1 1 0 1  :1723 . 2 49

12211 — 02201 3726,6-17

133 11 — 03301 :172 7 , 380

16
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l- ’igure 6. (‘0~ lint (‘e i l  Spec trum (upper cu rve)  and
S i nl u l a t e l l  Spec t rum ( lower  curve) , 3500 — 3508 cnt ’
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l- ’igu re  7 . (‘02 lInt  F e l l  Spel’ti ’i i rll (upper curve) coi l
S i m u l a t ed  Spec t rum (lower  curve) . 3500 — 35 18 cm 1
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Fi gure 8. CO9 h O t  (‘eli  Spec t rum ( upper cu rve )  ,H1II
Simulated Spe~ trunn ( lower  curVe) , 35 Ia — 1527 “ - l
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l- igiirr i~. (‘02 Hot (‘eli Spectrum (upper cu r v e)  a nl i
Sirnu lat e, l  Spectrunt  (lower curve) , 35 2 8 — 3537 cm 1
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l’igur e  11 . CO2 Hot (‘eli Spectrum (upper curve) and
Simula ted  Spectrum (lower I-urve ) , 3547 — 3550 cm 1
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Figure 12 . CO2 Hot Cell Spectrum (upper curve) and
Simulated Spectrum (lower curve), 3551 — 3558 cm 1
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Figure 13 . CO 2 Hot (‘eli Spectrum (upper curve) and
Sinnulat eci Spectrum ( lower  curve), 3551) — 3568 cni~~
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Figu re 14 , CO2 h o t  Cell Spectrum (upper curve)  and
S imu la t ed  Spectrum (lower curv e ) , 3560 — 3577 cnr 1
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Figur e 15 . CO2 Hot (‘ elI  Spectrum (upper curve) and
Simulated  Spectrum (lower rurve) , 3578 — 3587 cni~~
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Figure  19 . CO2 l in t  i ’ , - h I  Spec t rum ( tipper  curve)  and
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Figure 20. CO9 1101 Cell Spectrum (upper (‘ui’\’e) I i i  I
S imula t ed  Spect rum ( lower  cu rve) . 3668 — 367 7 ci ic ~~~
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Figure 24. CO, Hot l,’e l l  Spectruni (upper curve) and
Simulated S p e c trum  ( lower curve) , 3720 — 3728 cnn-1

— I I 
— 

1 J  ‘ I I I 
‘ ‘

I H I I  I I  H ~III I
Ill lII i 

I 
- 

I I 
- ~

1 
- 

~ ~~ I ~~l II  

~

I 

-

~ 

~ ‘
I

I

’ 

-
)

Figur e 25 . CO2 h o t  Cell Spectrum (upper curve) an,~
Simulated Spectrum (lower curve) . 3729 — 3738 cnn
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l”i~ ure 26. CO 2 Hot Cell Spectrum (upper curve) and
Simulated Spectrum (lower curve), 3739 — 3747 cm 1
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Fi gure 27 . CO9 tIot Cell Spectrum (upper curve) an
Simulated Spectrum (lower curve). 3748 — 3757 cm
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Figure 28 . CO2 Hot Cell Spectrum (upper curve) and
- Simulated Spectrum (lower curve) , 37 58 — 3766 cm 1
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Figure 29. CO2 Hot Cell Spectrum (upper curve) and
Simulated Spectrum (lower curve) , 3767 — 3770 cni 1
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