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Laser magnetic resonance spectra between 0 and 17 kG have been recorded and analyzed 
for (1'- J") - (j - 4). (f - i), and ( f  - f) transitions in the CH mokcule, using the 
optically pumped far infrared h e n :  118.8 wn (CHIOH), 180.7 pm (CDIOH), 554.4 rm 
(CH2CFt), 561.3 pm (DCOOD), and 567.9 pm (CHICHCI). Other transitions in CH were 
detected with the "CHIOH laser at 115.8, 149.3, and 203.6 gm. The CH radical was generated 
in a low-pressure methane and atomic fluorine &me within the laser cavity. Analysis of the 
M'J c W'J st ructure  yields wavenumben for the rotational transitions mentioned above of 
M.3494, 5 5 y 9 7 ,  ad 11.8376 respectively. Combining results from t h e  MJ aralysh 
with the J - 4 Adoubling i n t e r d  derived from radioastronomy measurements yieldr 
Adoubling values for the J 4, 4, and 4 srates of 0.0237, 0.1620, and 0.3759 cm'', respec- 
tively. Both the rotational intervals and the Adoublings are in good agreement with earlier 
less - p e c k  opticll rcurlts. Analysis of thc b y p e r b e  s t r u c t ~ ~ ~ e  yidds values far thc Frowh 
m d  Foley hypcr6ne parameters of u = f52, b = -74, c +52, and d = +43.6 MHz, in 
good rgrcuneat with recent d initio estimates and radiostronomy mcasuements. 

L IXX'RODU~ON 

The electronic spec t "  of CH has been studied e x t e n k f y  (1) and vibratiun- 
rotation levels of many electronic states are known with an accuracy of 0.01 to 0.1 
m-'. In p.rt~&, t h e  low-lying rotational lev& of the Sa, ground state of CEI 
have been well characterized by Douglas and Elliott (2) .  Higher precisionpstudies of 
vibration-rotation or pure rotation spectra within the electronic ground state have 
not been successful with conventional infrared or microwave laboratory techniques; 
the only studies of such transitions previously reported consist of the laser magnetic 
resonance observation (3) near 84 Cm" of a u = 0,  J' = +t 1'' = 4 transition (prime5 
and double primes indicate upper and lower state quantities, respectively), and the 
radioastronomical observations (4 )  near 3.3 GHz of the A-doubling transition for 
u = 0 and J = f .  

In the  present work, which extends the earlier laser magnetic resonance study (3) ,  
we present d y s e s  of spectra recorded with five additional far infrared laser lines. 

. ' NBS-NRC Postdatarrl RCSQ& .ksr&te, 197S-77. Resent rddrcs:  &U Lht+ M m y  
Kill, KJ 07974. 
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464 HOUGEN ET AL.  

These five spectra involve only two additional CH rotational transitions, but i t  proved 
necessary for complete analysis to record some transitions with more than one laser 
line. A recently discovered new set of laser lines from WHrOH ( 5 )  has just provided 
three additional spectra assigned to three other rotational transitions ; however, complete 
analysis of tbese observations must await refined data. Figure 1 illustrates the rotational 
transitions of CH observed in laser magnetic resonance studies. Table I summarizes 
related experimental information. Rotational energy difierences obtained from the 
spectra analyzed here are significantly better determined than corresponding differences 
obtained from the electronic spectrum (2) .  

Rotational wavefunctions and energy levels of Zn states can be labeled using either 
Hund's taSe (a)  notation or Hund's case (b) notation (9). In this paper we shall, on the 
one hand, use case ( a )  notation to label the rotational busis sef functions used in carrying 
out the theoretical calculations, since t h s  greatly simpli6es setting up the Hamiltonian 
matrices. In case ( a ) ,  rotational functions with J > 3 are assigned to either the TI, 
or *I11 spin component of the nonrotating molecule. We shall, on the other hand, use 
case ( b )  notation to label rotational wavefunctions and energy levels obtained by 
diagorduing the Hamiltonian matrices, i.e., to label wavefunctions and energy levels 
actually belonging to the CH molecule, as in Fig. 1 and Table I, since case (a )  notation 
is singularly inappropriate for the FII state of CH with A S 2B. (When A = 2B,  
all molecular rotational wavefunctions with J > 3 are an exactIy equal mixture of case 
( a )  *Ii, and 'lli basis set functions for that 3, whereas these same molecular wavefunc- 
tiom are uer). nearly equal to one or the other of the case (b)  basis set LU&ORS.) 
In caSe ( b ) ,  rotational levels are characterized by a quantum number N ,  where N = J 
7 3 for F , ( N )  and F z ( N )  levels, respectively. The level with N = J - 4 always 
lo-.ver in energy than the level with N = J +  f, fur h same 1. 

F,M1 F+N I 
J N J  

I 
I s o r  

8 I 
4 -. 

149.3 M I  

cn x2n 
FIG. 1 .  Energy level diagram for the low-lying rotational states of the xlIJ state of CH (2) .  Rotational 

levels are drawn t o  scale in the center of the diagram and labeled by the rotational quantum numbers 
N a n d  J. Adoublings are magnified 20-told and shown at the edges of the diagram; the resultant levek 
are kbekd by thL pari&=,. W a v c h g t h s  of the far infrared lam lines used to obtain magnetk r- 
spectra of tbc indinttd tnnsitions u e  given m tbe *e. Spectn observed w i t h  thc 1'15.%,183, d 
203.6 e (imdiuted by tix dashed transitions) haw not bcen d y d  in the present wk 
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TABLE I 
Rotational Transit ions of CH Observed in Laser M a m e t i c  Resonance Studies 

465 

Laser  Charac t e r i s t i c s  CH ROtatiDndl T rans i t i ons  

Pmp' & I n  Medium 1 [um] v [on-'] (N'.J')-(N",J.) ( g J ' ) b  (gJ.)b 

10 R(16) 13CH30H 115.8 86.33845' (3.5/2)-(2.3/2)9 +0.152 4 . 0 6 2  

9 P(36) C H ~ H  118.8 u . 1 ~ 0 9 2 ~  ( 3 . 7 / ~ ) - ( ~ . 5 / ~ ) ~  - 0 . 3 1  -0.495 

i o  ~(34) t o p  180.7 ~ 5 . 3 2 7 9 4 ~  (Z.S/Z)-(~,~/Z)' -0.495 -0.863 

Discharge H20 118.6 84.  32340d (3 ,7 /2 ) -  (2 .5 /2 ) '  -0.341 -0.495 

9 P(22) "tHjDH 149.3 66.99168' (2,3/2)-(1.1/2)g M.062 4 . W 1  

10 R(16) 13tH30H 203.6 49.10728' (2 .3 /2) - (1  .3 /2)9  *0.062 -0.863 

10 P(14)  CHZCF2 554.4 18.0386Se (1 , 3 /2 ) - (1 ,1 /2 ) i  -0.863 +0.001 

10 P(Z0) DCOOO 561.3 17.B159Bf (1 .3/2)-(1,1/2) '  -0.863 +0.001 

10 P(16)  C H Z t H C l  567.9 17.60731e (1,3/2)-(1 . l /Z) '  -0.863 +o.W1 

A T b e  grin wdium uac pumped by c l e c t r l c  discharge OT by s t o 2  k m  Hue 

' Magnetic 9-VdlueS. Calcu la ted  frrrm E~s. (11)  and v a l i d  f W  1 %  S U t C  

o f  tk 9-  or 10 w &nd. 

w l t h  A = 28 when H -0. 
' F W  t h e  p r e c i s e  frequency meisufonnns ~r ( 5 ) .  

F- the p r e c i s e  frequency measurements of  ( 6 ) .  
From t h e  p rec i se  frequency measurements of ( L ) .  
~rol p r e c i s e  frequency r e a s Y P B m t s  of ( 8 ) .  ' S p e c t r m  recorded and t e n t a t i v e l y  assigned. but not completely dnrlYZed. 

' Spectrum recorded and andly2ed i n  t he  present  paper. 
Spectrun recorded and assigned i n  (2). 

We adopt as parity labels the subscripts e andf (IO), which indicate that the r o t a t i o d  
state in qwstion has paiity+(-l)J-l or -(-1)'+, respcdvely. 

The rest of this paper is divided into sections containing experimental details (n), 
the theoretical model (111), details of the least squares fits of the MJ structure (IV) and 
the hyperfine structure (V), and some discussion of the results (VI). 

11. EXPERIMENTAL METHOD 

Spectra WQT obtained with a newly constructed COttransversely-pumped far-infrared 
magnetic resonance spectrometer ( I I ) ,  shown in Fig. 2. Precise values of the far infrared 
laser wavenumbers used in this work, together with the mode of excitation are given in 
Table I. The far infrared laser radiation remained stable to within O.ooOo3 cm-I of the 
values in the table during measurement. 

Thr magnetic &Id could be scanned from 0 t o  20 kG (10 kG = 1 T), tho& 
accurate 5 d d  measurements were possible only below 17 kG. For these accurale mtas~e-  
m a ,  magnetic f 3 d s  were recorded with apredsion of kO.1 Gusing anudtar ma@c 
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OPTICALLY PUMPED LASER MAGNETIC RESONANCE SPECTROMETER 

FAR -INFRAREO LASER 

WAVELENGTH RANGE 

F A R - I R  l@X-5Opm 

FIG. 2. The laser magnetic resonance spectrometer used in this work. 

resonance digital Gaussmeter. Corrections to the Gaussmeter field measurements for 
instrument calibration and geometrical effects range from 1 t o  60 G over the 0 to 17 kG 
scan. It is believed that the corrected field values have an accuracy near &1 G. 

-0.5 
-1.5 e 

- I  I 1- AMJ * 0 SPECTRUM 

\ I  CH N'J' * 2. 2.5 -W'S * 1.1.5 . .. '. 
+l.5 

+ O S  
LASER LINE 180.7 Pm (m30H) 

-0.5 f 
- 1  

H (kG) - ' I  

t , 1 

0 m to 
FIG. 3. A magnetic resonance survey spectrum of CH from 0 to 20 kG, recorded with the 180.7 wn 

line of CDSOH. The upper and lower traces correspond to parallel and perpendicular polarization, 
respectively, of the electric field vector of the laser radiation with respect to the external magnetic field. 
Lines marked above or below with a horizontal arrow were shown experimentally to shift in the indicated 
dira5cm vben the Lra is pulkd tn slightly higher frequency. The bwa state quantum n m b u  UJ'' 
is given above earb line belonging to t i re  F v ( 2 )  c Fv(t) mdon and h b w  u s 3  Iine belonging & 
L ~ c  F-Q)-Fr(l) e t i ~ n  of Ca &OWTI in Fw. 1. 
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V 
M i  = M i ' +  1 SPECTRUM 

H (kG) - 
r 

12.4 5 
r 

12.55 
I 

12.6 5 

CH N',J'= 1. l S + N " . J " = l .  0.5 LASER LINE 554.4 pm ( C H ~ C F ~ )  

FIG. 4. The hyperfine pattern of a o' = 0 F,,(l) - F v ( 1 )  transition, recorded in perpendicular polariza- 
tion with the 554.4 pm line of CH2CFz, under conditions such that the linewidths (in MHz) are deter- 
mined by pressure and Doppler broadening. A three-line hyperhe  pattern is observed because the 
-7'' = f state has an extremely small gJ value and the high-held coupling limit (with good quantum 
numbers M I  and MJ) applies only to the J' = j state. The lower state quantum number Ms" = MI" 
+ Mi" is shown for each line. The combined intensity of the two Mr" = 0 l ine  is approximately 
equal to the intensity of the Mr" = -1 line. 

Since the Bohr magneton p~ has a value of 1.4 MHz/G,  andshe t h e d d ~  components 
of rotational levels vary in energy as -gg,gBMJH, where approximate gJ values for 
CH are given in Table I, the accuracy of the magnetic held measurements would seem 
to permit energy level detenninations to fl MHz. Attaining such accuracy in practice 
is quite difficult. Qualitatively speaking, the difficulty arises from the fact that absorp 
tion resonances observed near 10 kG involve magnetic shifts of the energy levels approx- 

CH N',J' = 2. 2.5 --N",J" = 1. 1.5 

MJ' = MJ" = -1.5 

LASER LlUE 180.7 pm ( C D 3 O t l )  

I I 

2.18 H (kG) 2.19 

FIG. 5. Iambdip "ent  of the h y p d n e  splitting in the h t  line of the parallel-pokriration 
zpeceum shown m Fix. 3. Chopping and detection cktronics are such that a Doppler-brordencd 
l i n e d m d v e  pro& 6rst rises and thm ~AUS IU H increases, while the d t d  Lamb-dipe fall and 
then rise. This two-line pattern corresponds to the high-field coupling limit. Upper and lower sta te  
quantum numbers are shown for each Lamb dip. 
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imating 10 OOO bZHz. One must thus extrapolate the Zeeman levels back to  0 kG with 
an accuracy of 1 part in l(r to achieve the desired =tl MHz uncertainties. In the 
present work we were able to achieve, with some difficulty, uncertainties of =t6  MHz. 
In the eariier measurements CH radicals were generated in an oxygen-acetylene flame 

(3)  at higher pressures and from CaOz and H atoms for the lower pressure hyperbe  
measurements. I n  the present work, CH was generated by reacting CH, with F atoms 
(formed in a microwave-discharged mixture of Fz in He) under flow conditions achieved 

TABLE XI 
Magnetic Field Values,' Assignments,b and Observed-minus-Calculateda Values 

for the I' = 3 + I" = f Transitions of CH 

I i k t p n m t  

M * '  M J .  f l l -  flJ. 

-112 -112 -112 -112 
'112 -112 

4112 -112 9112 * t i 2  
-1:2 -112 

-112 4 2  -1/2 -112 
,112 -1/2 

,112 -112 {:I 
-112 -1/2 I:\ 
.I12 -112 13 

-112 - l /Z  
-112 0112 -uz -112 

Smctr1 

l e ( l )  - F2,Ill 

r - 0  
0 4  

H [ L G I  [ G I  
15.%46 -0.2 
15.9802 q . 2  

15.1575 -0.6 
15.7690 *0.6 

4.93w *0.4 
4.9424 -0.2 
4.9116 -0.2 

15.9722 -1.2 
15.7615 r l . 6  
4.9359 -0.5 

r.cor6.Q w f t i l  tM 567.9 Y. I l n  Of CH2ucE1 

FleI11 - Fa l l )  F1,I l l  - FZTl1)  F IT( l l  - F Z f l l )  

?. 1 r - 0  .. . 1 

H [LG] [GI H [LG] [ G I  II [kG] % 
l l . 0 1 U  -0.0 11.1211 -0.1 5.9950 -0.9 
13 .Wl8  -0.0 8 . 4 2 0  N.2 6.1012 4 . 2  - 8.2196 4.2 5.9750 -0.1 
12.9251 M.0 11.1111 -0.4 6.W49 -0.2 
1 2 . 9 l U  M.0 8.1553 -0.1 6.0215 4 . 8  - 8.4917 4 . 1  6.1480 4 . 5  

4 . W l l  4 . 2  2.6161 r 0 . 2  (1.94661 -0.2 
4.1075 -0.2 2.7126 -0.0 1.9851 r 0 . 2  - 2.6729 -0.2 (1.94661 M.0 

11.0154 - 1 . 9  8.1500 -0.1 6.0260 -0.2 
12.9297 tl.2 8.3657 rC.1 6.0155 u l .4  

4 . lOm +2.4 2.6856 -0.6 1.9572 -0.5 

0 4  0 4  

4.5040 -0.5 
4.5248 -0.1 
4.4439 rO.4 

(4.4662 01.1 
(4 .4662l  -1 .1 

1.4647 4 . 4  
1.4l81 -0.4 

4.1119 -0.0 
4.4669 4 . 0  
1.4101 M.1 

1.7969 - 0 . 4  
1 . U 1 5  - 0 . 4  

0.5902 -0.6 
0.6082 M.6  

l .ME3 -0.1 
1.1902 -0.1 
0.59711 r l . 6  

*112 0112 ,112 0112 I 2.2579 -0.9 o8scur.d - 
-112 * l /2  2.2531 -0.1 ( . M I 0  a . 6  
-112 -112 111 2.1117 -0.1 4 .17Y -0.5 
-112 -112 -112 -112 ;  2.2612 4 . 1  4.5927 -1.2 
+I12 +1/2 ( - 1  2.1521 r0.1 4.4081 $1.1 
-112  *112 (-1 2.2691 4.11 - 
e l l 2  *I12 t l l 2  -112 (0.7609) q . 0  1.5211 - 
-112 .I12 (0.76091 4 . 0  - 
-112 * I l l  I 0.?216 -0.1 - 

.u -u2 I 12zY -0.1 a.4111 4.1 
0112 -112 I 2.2141 -0.1 a.4m 4 . 5  
e112 *112 I 0.7514 4U.7 l . n ? l  -2.2 

6.4M7 M.0 
6 . M l  00.4  
(.I629 -0.4 
6,4151 4 0 

I6.41511 -011 

2.2168 -0.4 
2.2Q54 a.2 
2.1911 4 . 2  

6.4776 -0.1 
6.4151 4 . 1  
2.2101 rg.0 

9 . m  4 . 0  
9.0576 M.2 

(8.98311 -0.1 
(11.98111 4.1 

3.1145 ro.2 
1.1210 -0.1 
2.1017 -0.1 

9.0686 -0.6 

1.1211 -1.4 
n.Mn r i . 2  

l Z . I l l 4  
12.5464 
12.4227 
12.5831 
12.1010 
12.6284 

4.4114 
4.4080 
b.3691 

-0.1 14.7600 -0.1 
rg.1 11.1289 M.2 
-0.2 14.59% M.4 

4 . 1  14.7Mo -0.1 
M.1 14.6967 -0.1 
-0.0 14.8216 -0.1 
4 . 1  5.2220 -0.5 
-0 .4  5.2110 -3 .4 
*.I 5.1177 4.1 

1 2 . W 9  -0.9 14.7127 -1.9 

4.4010 -1.1 1.2122 -2 .9  
n . m 5  u1.5 n.iw 4.0 

1 

1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

/ I  
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with an 18 l/sec mechanical forepump. Approximate partial pressures of CH,, F2, 
and He, as measured somewhat away from the reaction zone within the laser cavity, 
were 3, 3, and 9 2 j  mTorr, respectively, for maximum signal strengths. (1 Torr corre- 
sponds to 133 Pa.) These conditions gave a bright blue &me in the center of the laser 
caviry. Helium pressures were an order of magnitude lower for the Lamb-dip hyperfine 
measurements. 

Examples of the spectra obtained (in derivative display) are shown in Figs. 3 to 5, 

TABLE III 
Magnetic Field Measurements, Assignments, Hyperhe Splittings, and Observed-minus-Calculated 

Values for the (J' c 7') = (3 c 4) and (3  + )) Transitions of CH 

M ~ * *  H' 0-cb aEiaHC  AH^ 0-ce nJn nJ. H~ 0-cb aE/aHC  AH^ o-ce 

180.7 u m  Fie(2) - F le ( l )  512 - 3/2 

+ 3 / 2  +3/2 3.2185 -0.0 -0.7350 - - 
+ 1 / 2  +3/2 1.6699 +0.2 -1.4382 6.7 +O.O 
-112 +1/2 2.5985 -0.1 -0.9144 10.8 -0.0 
-312 -1/2 5.9153 +O.O -0.3817 26.2 +O.O 

180.7 p Flf(2) - F l f ( l )  5 /2  - 312 

-312 - 3 / 2  2.1857 -0.3 +0.8007 -7.2 ~0.0 
-112 -1/2 5.7456 +0.1 CO.3415 - - 
-1/2 -312 1.1614 +0.9 +1.4934 -1.8 -0.1 
+1/2 -1/2 1.7752 -0.3 +0.9820 1.4 +O.O 
+3/2  +112 3.7701 -0.0 +0.4720 11.1 -0.0 

118.6 umf Fle(3) - Fle(2) 712 - 512 

6 1 2  + 5 / 2  8.242 ~ 4 . 9  -0,4359 5.3 -0.1 
+ 3 / 2  + 3 / 2  17.147 - 2 . 6  -0.1612 - - 
+312  w 2  4.116 +3.4 -0.923i 12.5 +0.2 
*1 /2  + 3 / 2  5.275 + 3 . 2  -0.7108 13.6 -0.3 
-1/2 +1/2 7.377 + 2 . 5  -0.4920 17.1 +0.3 
- 3 / 2  -1/2 12.694 -2.1 -0.2443 26.7 -0.1 

f 118.6 wn Flf(3) - Flf(2) 7/2 - 512 

-512 -512 4.258 +3.9 CO.6043 - - 
-312  -312 6.628 C 2 . 3  +0.4118 - - 
-112 -112 13.221 -7.9 +0.2572 11.0 -0.1 
-312 -5 /2  2.316 +3.9 +1.0778 - - 
- 1 1 2  -312  2.924 ~ 4 . 6  +o.a559 4.8 -0.1 
+1/2 -1/2 3.968 +6.6 C0.6331 7.3 +0.6 

+SI2 +3/2 14.173 -0.5 c0.1741 - - +3/2 +1/2 6.171 '1.0 +0.4080 11.1 +0.4 

118.8 urng Fle(3) - Fle(Z) 712 - 512  

+3/2 ' 5 1 2  10.1149 +2.2 -0.8037 12.5 -0.2 
+112 +3/2 13.2780 -1.6 -0.5836 14.4 +0.2 

118.8 um F l f (3 )  - F l f ( 2 )  7/2 - 512 

~ 5 1 2  + 5 / 2  5.4669 -2.5 -0.4685 -6.2 -0.5 
+3/2  + 3 / 2  10.3155 +1.7 -0.2162 -14.7 +0.2 
+3/2  +5/2 2.7731 -1.4 -0.9586 1.3 +O.l 
+1/2 +3/2 3.5347 -1.6 -0.7469 2.2 -0.1 
- 1 / 2  + l / 2  4.8822 -1.4 -0.5325 4.2 -0.0 
-312  -112 7.9731 +1.1 -0.3083 8.6 -0.4 

a Magnet ic  f i e l d  measurement i n  [kG] a t  t h e  c e n t e r  o f  each t w o - l i n e  hyper f i ne  p a t t e r n .  
Observed-mlnus-Cilculated va lues  i n  [GI f r om f i t s  o f  each of  t h e  s i x  MJ p a t t e r n s  i n  t h i s  t a b l e  
t o  Eq. (18 ) ;  wmismatch and ( g J ' )  were b o t h  va r ied .  except  f o r  t h e  f i f t h  p a t t e r n .  
Value of (aE*/aH-aE"/aH) i n  [MHzIG] a t  t he  c e n t e r  of each t w o - l i n e  h y p e r f i n e  p a t t e r n ,  ob ta ined  

from f i t s  o f  t h e  MJ s t r u c t u r e .  
Measured s e p a r a t i o n  i n  [G] o f  t h e  two hyper f i ne  components o f  each l i n e .  

i n d i c a t e  s p l i t t i n g s  t o o  smal l  t o  r e s o l v e .  
so t h a t  t he  d e f i n i t i o n  o f  &i i n  Eq. (28) i s  v a l i d .  

Observed-minus-Calcu lated va lues i n  [GI from f i t s  o f  f ou r  se ts  o f  h y p e r f i n e  s p l i t t i n g s  t o  Eq. 

( 2 8 ) .  

f ree-molecule t r a n s i t i o n  were combined and f i t  SimultaIWOuSly.) 
Cen t ra l  magnet ic  f i e l d  va lues  h e r e  were taken from the  l l t e r a t u r e  

were LaKen 'from unpub l i shed  work  o f  A. H. Curran. K. M. fvenson and H. E. Radford.  

B lank e n t r i e s  
Signs have been d c t h n i n e d  as desc r ibed  i n  t h e  t e x t ,  

( H y p e r f i n e  s p l i t t i n g s  f rom t h e  118.6 and 118.8 um p a t t e r n s  co r r respond ing  t o  the  same 

hyper f i ne  s p l i t t i n g s  

' The nJ s t r u c t u r e  he re  was f i t  t o  fq. (18). v a r y i n g  only vmismatch (see Table I V ) .  
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which illustrate a 180.7 pm survey spectrum, a fully resolved 554.4 r m  Doppler broad- 
ened hyperfine pattern, and a 180.7 pm sub-Doppler Lamb-dip hyperfine measurement. 

All magnetic field measurements obtained in this work, together with assignments 
and other quantities to be discussed in later sections, are presented in Tables I1 and 111. 

111. THEORETICAL MODEL 

I n  this section we shall : (i) define the case (a& basis set functions used to carry out 
the theoretical calculations, (ii) discuss the three parts of the molecular Hamiltonian, 
corresponding to the (large) rotatiom1 energy effects, the (intermediate-size) magnetic 
splittings, and the (small) hyperfine splittings, and (iii) present some simple expressions 
for various quantities, valid when A = 2B. A more detailed pedagogical discussion of 
material used in this section may be found in (12) .  

Basis Sef Functions 

The basis set functions used here are characterized by eight angular momentum 
quantum numbers 

Im; Q J M J ;  I M r ) ,  (1) 

and are quite standard for the problem at hand. The quantum numbers S, J ,  and I 
represent the total electron spin, t h e  to ta l  m0iecu.h angular momentum excluding 
nuclear spin, and the nuclear spin of the proton, respectively. The quantum numbers 
A, Z, and Q represent projections along the internuclear axis of the electron orbital 
angular momentum, the electron spin, and the sum of electron orbital and spin angular 
momentum, respectively. The quantum numbers M J  and MI represent projections 
along the laboratory-lixed 2 axis of J and I. For the XZII state of CH, S = 3, I = f, 
and A, 2 ,  MI take on only the values ;fl,  5tf, &j, respectively. 

The functions (1) are sometimes described as case ( a ~ )  functions (13). The (a) 
indicates that  the electron spin is projected along the molecule-bed z axis (internuclear 
axis) ; the subscript 6 indicates that the nuclear spin is projected along the laboratory- 
fixed 2 axis. (In this paper, capital letters X, Y ,  2 denote laboratory-fixed axes; 
lower-case letters 2, y ,  z denote molecule-ked axes.) 

Hamiltonian Operator and Matrix Elements 

The Hamiltonian operator for the physical effects under consideration can be divided 
for conceptual and computational convenience into three parts. 

x = x+ 3cm+ %. (2) 

The spin-rotation Hamiltonian X, can be written (12) in terms of molecule-&xed 
components of the angular momentum operators L, S, J ,  and the three molecular param- 
eters A (spin-orbit coupling constant), B (rotational constant), D (centrifugal distortion 
constant) . 

, 

X, = +A=.+ B [ ( I .  - S,)'+ (J, - S,)']- D [ ( J t -  SJ2+ (3"- Sun. (3) 
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The magnetic Hamiltonian X,,, can be written (14) in terms of laboratory-fixed compo- 
nents of the operators L, s, I, the magnetic field strength H ,  and the universal constants 
P B  = 1.399612 MHz/G (Bohr magneton), P. = 0.762253 MHz/kG (nuclear magneton), 
g. = 2.00232 (g-value of the free electron spin), gI = 5.58569 (g-value of the proton). 

X m  +PB(LZ + g S z W  - g I d z H .  (4) 

The hype rhe  Hamiltonian Xh can be written, following Frosch and Foley (13), in 
terms of molecule-fixed components of the operators L, S, I (or the corresponding ladder 
operators L,  = L,  f iL,, etc.), and the four molecular hyperfine constants a, b, c, d .  

(5) XA = a1,L. + b1.S + c l S ,  + *d[L_Z1$+ + L+zIS_]. 

Because of the choice of good quantum numbers in the basis set ( l ) ,  matrix elements 
of all operators in Eqs. (3-5) except L Z  and SZ in Eq. (4) and I+, I-, and I. in Eq. (5) 
can be found from standard elementary angular momentum considerations (12) .  
Matrix elements of the first two (last three) of the five operators mentioned above can 
conveniently be obtained after expressing them in terms of molecule-fixed (laboratory- 
fixed) vector components by means of the direction cosine matrix a. 

Lz = azxL* i- az,L, + az.L. (W 
I ,  = ~ X J X  + a r J Y  + ~ z J z ,  (6b) 

where the analog of Eq. (6a) holds for SZ, the analog of Eq. (6b) for I ,  and I,. Matrix 
elements for the direction cosines are well known (14) .  For the basis set ( l ) ,  these 
uatrLxekmnt4 m s t  be  considered t4 Be functions& I, Q, and MJ (12).  When evaluat- 
ing matrix elements satisfying AT = 0, the particularly simple operator equivalent 

a ~ . +  J R J . / J ( J  + I), (7) 

where R = X, Y ,  or 2 and s = r, y, or z ,  is often convenient. 

Simple Expressions Valid when A = ZB 

The ratio A / B  for the XzII state of CH, as found in the literature, is 1.97 (1) or 2.00 
(2 ) .  It is thus frequently convenient to make initial estimates of various quantities for 
CH with the help of simple expressions which can be derived when A = 2B. 

FoHowing (IZ), we can easiiy ubtain mtationai energies and wavefunctions frmn ik 
basis set (1) and the Hamiltonian ( 3 )  with A = 2B and D = 0. The energies, which are 
independent of the e, j parity subscripts because A-doubling effects have not been 
included in Eq. ( 3 ) ,  take the f o r m  

Fz(1) 0 
FI(N 2 2 )  = B [ N ( N  + 1) - 1 J - B(N - (P - l ) ' ]  (8) 
FI(N 2 1) B [ N ( N  + 1) - 11 + B [ ( N  + 1) - (IF + 2 N ) ' l .  

These expressions, apart from Fz(l), only differ by approximately B / 2 N  from the case 
( b )  values of B [ N ( N +  1) - I]. For a particular choice of phase factors ( I t ) ,  we can 
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write the corresponding rotational wavefunctions as 

lF*,,f(1)) = 2-*11+1,3, -+ ;+a ,  3, MI) =F I- 1, 4, tf ; -f, 3, MJ)I  

l3i2r8i(N22))  = 4-*1[lfl,3,ff;f3,N-f,M~) - 1 +1,f,-j;+~,LY-k~~)] 
4, - f ; - $ ?  N - 3 ~  M J )  

- 1 - 1, +, +3; -4 ,  N-4, M J ) 3  (9 )  

1 FL.,/(N 2 1)) 4-'[ [ 1 + 1,3, + 3 ; t 3, Ni-4, M J ~  + 1 + I ,+ ,  - !i ; + f N4-4,  M J ) I  
cI-1, $1 -3;  Nfj, M J )  

f 1-11 t t + i ;  -31  Nf41 M J ) ] ] ,  
where proton nudear spin functions have been omitted. The latter can be supplied 
simply by multiplying the left- and right-hand sides of Eqs. (9) by ] IMr) .  I t  is easily 
seen that the rotational wavefunctions (9) )  except for F2,J1) ,  represent equal mixtures 
of *I& basis set functions (Q = A$) with ZII, basis set functions (Q = &4). 

We now use the magnetic Hamiltonian (4), with the substitutions of Eqs. (6) and 
(7) ,  and the rotational wavefunctions (9) to obtain first-order magnetic field corrections 
E,") to the rotational energies (8). These corrections, which are appropriate when 
(p*RN/B) < 0.1, take the form 

E,"' = - g g l p B M ~ H ,  (10) 

where gJ is independent of the e, j parity subscripts and has the values 

grCF2(1)J = - (1 - j g J / 2 J ( J  + 1) 

g ~ [ F t ( s  2 211 = - ( 2  + )g, - g , [ ( J  - +)(J + 4)]']/2J(J + 1) 

grCFi(N 3 0 3  = - l 2 +  3 g . t  g , [ ( J  - 4)(J+ $ ) ] * ) / Z J ( J +  1). 

(11) 

Nuclear spin contributions to the magnetic energies (10) are omitted, since they are 
smaller than negiected higher order contributions from the electron spin. 

By substituting Eqs. (6) and ( 7 )  in the hyperhe Hamiltonian (5), and taking expecta- 
tion values of all operators involving molecule-jred vector components over the rob-  
tional wavefunctions (9),  we obtain a convenient operator equivalent for calculating 
first-order hyperfine corrections to the energy. 

~h -+ h(IuJx + I Y J Y  + I z J z )  = h(I .J) ,  (12) 

where the effective hyperhe interaction constant h is given by 

h[Fz..,<l)]= (+2a-  ( b + c ) T 2 d ] / 4 J ( J +  1) 

h[FZ,./(N, 2)]= (+h+ ( b + c ) T d ( J +  4)- 2 b [ ( J -  +)(J+3)]')!4J(Jf 1) (13) 

h [ F l , , f ( N 2  111 = I +4a+ ( b i  c) F d ( J +  4)+ 2 b [ ( J -  3) (J+ 4)1+1/4~(-7+ 11, 

if we consider the ladder operators 4' and L-2 in Eq. ( 5 )  to be normabed such that 
(A = & l \ L h z l A  = 7 1 )  = + I  in the basis set (1). 
Two simple hyperfine energy level patterns can be obtained from Eq. (12), 

E h ( l )  = f h [ F ( F  + 1) - J ( J  + 1) - I(Z + l)] (144 

Eh'" = hiUrMj. (14b) 
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Equation (14a) is valid when the magnetic field H = 0, with the quantum number F 
obtained from I and J by vector addition. Equation (14b) is valid when 

Nlhl << I g J I P B H < < B / N .  (W 

IV. DETAILS OF THE FIT OF THE MJ STRUCTURE 

The coarse structure of laser magnetic resonance spectra observed in this work (see 
Fig. 3) arises from transitions between Zeeman split components MJ’ t MJ” of pure 
rotational transitions (N’ ,  J’) + (N”,  J”) in the CH molecule. Quantum number 
assignments for individual M ;  transitions were easily determined from known wave- 
numbers for the far infrared laser lines (5,6,7,8), literature values for the CH rotational 
energy differences (2 ) ,  and the simple first-order gJ expressions in Eqs. (11). 

The steps in the least squares fitting procedure used to reduce the data were as 
follows: (i) a preliminary fit of the MJ structure was carried out, making no attempt 
to correct for hyperfine splitting effects; (ii) some information from the preliminary MJ 
fit was used in a separate fit of the hyperfine splittings; (iii) some information from the 
hyperfine fit was used to produce hypothetical field positions corresponding to Mr 
transitions free from hyperfine splitting effects, and these hypothetical M J  transitions 
were refit. Steps (ii) and (iii) were iterated until consistency was achieved. All three of 
these steps require some additional theoretical manipulation. I n  this section we discuss 
only steps (i) and (iii) . 

Hamiltonian Matrix and Least Squares Equations 

Since the hyperfine corrections determined in the next section take into account all 
contributions from the proton nuclear spin, we consider in this section only an electronic 
magnetic Hamiltonian E,,, obtained from Eq. (4) by omitting the term in Iz, 

32,. = -k ( L z  f g s z ) w d .  (16) 
Nonvanishing matrix elements of this operator obey the selection rules AMJ = 0 and 
AJ = 0, f l .  We set up the Hamiltonian matrix representing magnetic interaction of a 
given level ( N ,  J ,  MJ) with other levels satisfying these selection rules in three steps. 
First we determine a set of zero-field rotational wavefunctions and energy levels for 
CH using Eqs. (1) and (3) and values of A ,  B, and D from the literature (1,2). Then, 
using these wavefunctions, a 2 X 2 matrix is formed by evaluating matrix elements 
of E,. within the pair 1 F , ( N ) ) ,  I F , ( N ) )  characterized by a given value of N ;  the energy 
separation at  zero magnetic field of these two close-lying levels is set equal to the 
observed value ( 2 ) .  Finally, Van Vleck corrections (12)  are made to each of the four 
elements of this 2 X 2 matrix, using the Hamiltonian operator 32,. and taking into 
account interactions of the rotational wavefunctions ( F L ( N ) )  and I F z ( N ) )  with the 
r o t a t i d  navefunctions I F ~ ( N  + I)) ,  ( F l ( N  - I)) ,  / F l ( N -  2)), IFz(N+ 2)), 
IFz(N f 1)) and (FZ(N - 1)) from step one. The Van Vleck corrected 2 X 2 matrix 
is then diagonalized to obtain magnetic energies E,,,.(H) for various magnetic fields. 

The above procedure takes into account the necessary magnetic interactions wifhin 
the ?II state. As is well known (19 ,  the operators L ,  and L, induce a slight contamination 
of Q states by tS and zA states, which gives rise to  the A-doubling effects in CH. This 
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same contamination also gives rise to slight changes in the magnetic properties of the 
rotational levels. In  this work these slight changes are introduced by adding a small 
empiricd correction term - A g , p g M , H .  

The final energy expression E ( H )  for a given ( N ,  I, A!! J) state in an external magnetic 
field, for use in the least squares fits of the M J  structure, has the form 

E ( W  Em,(g) - E m e ( O )  - A g J P B M J a .  (17)  

TABLE IV 
Parameters from Least Squares Fitsa of the MI Structure 

Transit ion A [umjb u [clc A g J ”  u mismatch . rcm-’ld 

567.9 
561.3 
554.4 

567.9 
561.3 
554.4 

567.9 
561.3 
554.4 

567.9 
561.3 
554.4 

180.7 

180.7 

118.6 
118.8 

118.6 
118.8 

1.3 -0.00Z17f 
0.0 -0.00217 
0.1 -0.00217 

3.9 +0.00817f 
1 . 2  +0.00817 
1.5 +0.00817 

0.5 -0.W557f 
0.5 -0.00557 
1.1 -0 .W557 

0.4 +DD.n[1151f 
1.6 +0.00551 
4 . 0  +0.00551 

0 . 2  -0.00148(1) 

0.6 -0.00422(3) 

4.0 -0.OOl35(2) 
2.1 -0.00135‘ 

5 . 2  -0.00399( 2 )  
2.0  -0.00400(2) 

-0.00507’ 
-0.00507 
-0.00507 

-0. 00500’ 

-0.00500 

-0.005w 

+o. 0001 09 
+o.w010 
+o, 0001 0 

-0-Doo08’ 
-0.00008 

-0.WOO8 

-0.0021 7i 

-0.00557’ 

-0.00148J 
-0.001 48 

-0.00422’ 
-0.00422 

-0.29754(2) 
-0.08882 (0 
+O . 13380( 0 

-0.2441 4 ( 5  1 
-0.03559( 2 )  

+O. l8720(2) 

-0.1 6309 ( 1 ) 
+0.04567(1) 
+O. 26826( 2) 

-0.11738(1) 
+a .09128( 2 
+O. 31 398(6) 

-0.08092 (0 

+0.05741(1) 

-0.13301 (2) 
-0.30546(4) 

‘0.08094 ( 3) 
-0.09160(1) 

Using Eqs. (17) dnd  (18).  And a l r c u l r r  Constrnts A = 28.382. 8 - u.191 (2). 
and 0 - 0.00143 (1) an-’. fin observed value (Z_)  f o r  the  rpproprr r te  Fl(N)-F2(N) 
spacing wds dlso used I n  s e t t r n g  up each 2 I 2 matrix. a s  docr lbed  i n  the  tex t .  
Laser wdvelength used to record soectrun. 
Standard devldtlon O f  the f l t .  
Numbers i n  parentheses ind ica te  one standdrd devldtlon o f  the l a s t  d l g i t  given. 

ds Obtained f rom the l e a s t  squares program. 
e D d t d  and Observed-minus-Calculdted valuer in Table 11. ‘ Adjusted to  elimlnate dlscrcpdncles i n  values of  vmolecule  detennlned from 

spect ra  of the sdme (3/2 - 1 / Z )  transition recorded with A - 554.4  and 567.9 um. 

Detemlned d i r e c t l y  from l e a s t  squares f i t s  o f  the (3/2 - 1/21 hyperflne patterns.  
O a t d  and Observed-mlnus-Calculated VdlUeS i n  Table 111. 
Fixed a t  the adjusted value from the (3/2 - 1/21 f i t s .  ’ Fixed a t  the l e d s t  squares value fm t h e  (5/2 - 3 / 2 1  f i t s .  ‘ FIrcd a t  h least rqwres valrrc fnm the 118.6 u. Fk(3j * Fk[ZJ flt. 
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The h s t  term on the right is obtained by diagonalizing the Van Vleck corrected 2 X 2 
matrices; the second simply scales the energy so that E(H = 0) = 0 for the ( N ,  J) 
rotational level under consideration ; and the third term is the empirical correction. 

Least squares fits were carried out by minimizing the squares of the function H o b  
- Bulc, which can be shown to take the form 

Hobo - = [E’(El,b) - E’’(H0J - v-.&[dE’/aH - d E “ / a H L - H o w  (18) 

when written in terms of upper and lower state energies E‘(I?) and E”(H) as defined 
in Eq. ( 1 7 ) ,  and the quantity 

vmwnatch = Vimer - Vmo~auler 

where vkwr represents the wavenumber of the far infrared laser used to record the 
magnetic resonance spectrum and vmolsUls represents the wavenumber of one A-doublet 
of the molecular transition ( N ’ ,  J‘) t (N” ,  J”) in field-free space. In  a given least 
squares fit, only MJ’  t MJ” transitions belonging to this one field-free molecular 
transition are included. During a fit, one or more of the three quantities v w ? & ,  AgJ’, 
and AgJ” occurring in Eqs. ( 1 7 )  and (18) are allowed to vary. 

Analysis of the M Structure 

P r e h i n a r y  fits of the M J  patterns in Table 111 and non-hyperfine-corrected patterns 
in Table n Were carried out using Eq. (18) with AgJ‘ = AgJ” = 0. Initial estimates for 
LJ-~, the miy quantity varied in these fits, were obtained from graphical displays 
of upper and lower state Zeeman splittings, as predicted by Eqs. (10) and (11) in the 
section on “simple expressions valid when A = 2B.” 

The fit of each pattern in Table I1 of hypothetical M J  transitions free from hyperfine 
splitting effects, as determined in Section V below, and of each M J  pattern in Table 111, 
was also carried out using Eq. (18) with AgJ’ and AgJ” permitted to vary. Treatment Of 

the empmcal correction term in Ag, was somewhat different for levels with J = f, 

(19) 

TABLE V 

Low-lying Rotational Energy Levels of CH 

N J  Energy [an-’] A - d o u b l i n g  - b V e f  [cn - ’ ]  

This rork Other Thls work Other 

1 1/2 0.0 0.0 -0.1108’.-0.11 3Sb 

1 3/2 17.8376(2)‘ 17.8Xb *0.0237(Z)c MI.018b 

2 5 / 2  73.1773(3) 73.180b *0.1620(3) MI.15qb 

3 712 157.5267(4)  1S7.536b *0 .3759(4 )  *0.373b 
~~ - - 

‘Reference ( p ) .  
bRefcrence (2). 
Clylmbcrs I n  Qarenthcras i n d i c a t e  the authors’  estlnvtes O f  o v e r a l l  

Used here LO calculate the h i g h e r 4  A-doublrngs. 

( s t l t l s t i u l  plrrs s y s t m m t l c )  uncerulnttes in thc l a s t  dig i t .  
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levels with J = 3, and levels with J = 9 or 3, as described below. Values for the 
parameters varied in the least squares fits of this section and for the molecular energy 
levels determined are summarized in Tables TV and V, respectively. 

The parameter AgJ for each of the two A-doublet components of the J = f rotational 
state was determined directly from least squares fits of (3 + 3) hyperjine patterns in 
Section V. This was possible because the extremely small Zeeman splittings exhibited 
when J = 4 lead to hyperhe  patterns which are strongly dependent on AgJ, as can 
be seen from Eq. (27). 

Values of AgJ for the J = 3 A-doublet components were adjusted by hand to 
eliminate discrepancies in the values of vmoleeule obtained from separate fits to Eq. (15) 
of the same molecular transition recorded with different laser wavelengths near 560 pm. 
In such least squares fits of the kf, structure of eitherF1,(1) + Fz,(I) or F1,(1) + Fzr(1)  
transitions, only v w w h  was varied, AgJ" having been determined as described in the 
preceding paragraph. When hgJ = 0 for the J = 4 A-components, discrepancies in 
vmoleCULe are as large as 0.004 cm-'; when AgJ' has the values given in Table IV, these 
discrepancies are reduced to 0.0001 cm-l. The first of two checks on this empirical 
correction procedure is provided by the fact that the same value of AgJ' which removes 
the discrepancy between values of vmolecule obtained from the shortest and longest laser 
wavelengths (554.4 and 567.9 pm) also removes the discrepancy for the middle laser 
wavelength (561.3 pm). 

Values of Agl for the A-doublet components of the J = 3 and J = 3 rotational states 
were determined from separate least squares fits of the M J  structure of the (3 + $) 
and (3-3) transitions, respective!y, to Eq. (18), varying only vm-tch  and AgJ'. 
In the h s t  fit, AgJ" (J"  = 3) was held &xed 3t the value obtained from the procedure 
of the preceding paragraph. In the second fit, AgJ" (J" = 3) was held fixed a t  the value 
obtained from the procedure of the preceding sentence. 

The second check on this empirical correction procedure is now possible, since we 
have fit the F, / (3 )  + F 1 / ( 2 )  (3 + 3) spectrum recorded a t  both 118.6 pm and 118.8 pm. 
Consistency requires that the same AgJ' and vmlaule values be obtained in both fits. 
Indeed, as indicated in Table IV, the AgJ' values agree to O.oooO5 (1.3%) ; the values 
of v&m.mh in Table IV yield values for vmoleCule which agree to 0.0001 cm-'. An identical 
check cannot be obtained for the F1,(3) + F1.(2) transition, since the 118.8pm spectrum 
contains ody two lines. Severtheless, by f k n g  AgJ' at its 118.6 wn value, and vary% 
only v m u h  in Eq. (18), we obtain a value of vmolsuh which also agrees with its 118.6 
pm counterpart to 0.0o01 cm-l. Thus, even though at present the values of the small 
correction parameters AgJ cannot be deduced theoretically, we believe the empirical 
correction procedure is justified and leads to correct results. 

V. DETAILS OF TKE FIT OF THE HYPERFIiiE STRUCTURE 

The h e r  structure of the laser magnetic resonance spectra observed in this work 
(see Figs. 4 and 5) arises irom the hyperfine splittings superimposed on each M J  level. 
To avoid transferring the larger errors associated with least squares fits of the coarser 
M J  structure into fits of the hyperfine splittings, we choose here to fit the hyperfine 
structure by itself. We thus consider only step (ii) of the procedure described in section 
IV. From this step we obtain molecular hyperfine constants, which are used m turn to 
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calculate hypothetical magnetic field values for M J  transitions which are free from all 
effects caused by the proton nuclear spin. 

Hamillonian MaLrix and Energy Expressions 

Since we wish to take into account here all observed effects associated with the 
proton nuclear spin, we consider a nuclear hype rhe  Hamiltonian x h n  obtained by 
adding the last term in Eq. (4) to Eq. ( 5 ) .  

X h n  = +al,L, f b 1 . S  f C I S S ,  f jqL-'I+S+ f L,'1>-] - grpnIzH.  

Nonvanishing matrix elements of this operator satisfy the selection rule AMF 

( 2 0 )  

AMI 

We consider ma t rk  elements of x h n  in a basis set which includes spin-rotational 
effects together with first-order magnetic field corrections, as defined by the equation 

f A&'j = 0. 

I F , ( N ) ;  MI,  M J ;  4 3 [ ( F , ( N ) ,  M J )  + e s I F ~ - , ( W ,  M J ) J I I ,  Mr). ( 2 1 )  

The subscripts i and 3 - i, where i = 1 or 2 ,  are simply a convenient shorthand notation 
for indicating F l ( N )  and FZ(N) levels. The quantities I F , ( N ) ,  M J )  are rotational 
wavefunctions obtained from Eqs. (1) and ( 3 )  for A = 2B and D = 0, as given in 
Eqs. (9). The small coefficients e,, which are functions of i ,  1V, M I ,  and H ,  result from 
first-order magnetic-field mixing of the two states separated by an energy of order BIN.  

e t  = (F3-,(N)j MJ I X m . 1  F s ( N ) ,  M J ) / [ F , ( N )  - 33-s(N)]* ( 2 2 )  

In addition to the approximations made above in defining the basis set, we consider 
matrix elements of X h n  only between Mr and M J  components of a given perturbed 
F , ( N )  level on the left of Eq. ( 2 1 ) .  

The simplest hyperfine splitting patterns are obtained from Eqs. (20-21)  in the 
"high field limit," which occurs when the Zeeman splittings between different MI 
levels of a given ( N ,  J )  rotational state are large compared to the hyperfine interaction 
energies. Under these circumstances, only A M J  = 0 matrix elements of %An need be 
considered, and we obtain for the hyperfine contribution to the energy of the state 
I Fs(N)  ; MI,  MJ ; 

E*, = hMrMJ + k H M r [ l  - M J ' / ( N  + 3)'J - g ~ ~ n M r H ,  ( 2 3 )  

where A is given for F. (N)  in Eqs. (13) and k, which is independent of MI and MJ, 
may be evaluated far P , ( N )  using the simple product basis set. 

k = 2 e , ( ( I ,  M I /  (Fa-s(N), MJIXhnIFs(N), M J ) I I ,  M I ) ] /  
( H M i [ l  - M J ' / ( N  + 3)*]]- (24) 

The high-field-limit expression ( 2 3 )  is valid when J 2 + and H is greater than a few 
hundred gauss. 

Table I indicates that g J  is very small for 1 = f. Consequently, for the  magnetic 
fields used in this work Zeeman splittings within the J = 3 state are never large com- 
pared to the hyperfine energies. Under these circumstances, both AMI = 0 and 
AMJ = A1 matrix elements of X h n  in the basis set (21) must be considered. We find 
that when Mp = Mr + M J  = & I  in the J = 3 state, the hyperfine energy contribution 
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is still given by Eq. (23). When M p  = 0, the two possible states (Le., MI = - M J  
= ii) interact, and a 2 X 2 matrix of the operator 

Xhn + ( X m , ) e f ~  ( 2 9  
in the basis set (21) must be considered. Diagonal matrix elements of Xhn are given by 
Eq. (23); off-diagonal elements have the value t f h .  Matrix elements of the effective 
magnetic Hamiltonian (XCm,)en, which are introduced only to take account of the 
Zeeman splitting of the M J  = 2 3  levels in the absence of hyperfine interactions, are 
diagonal in M J  and can be represented phenomenologically by the expression 

- C(gJ1e.n + f p ] P B & f J H ,  ( 2 6 )  

which allows for third-order contributions to the splitting comparable in size to the 
very small first-order contribution. Hyperfine energies for M p  = 0 states of 1 = 4 
obtained by diagonalizing the 2 X 2 matrix take the form 

Ehn = -2h f. a{  h' + [ ( g J ) e , + B  4- f p B H z  - grpa i- 8k/9]'H2] i .  (27)  

Least-Squares Equalions 

When the high field limit applies to both the upper MJ'  and lower MJ" states, M r  
is a good quantum number and allowed transitions satisfy AMI = 0. We then find from 
Eq. (23) that the separation AH in magnetic field between the two components of an 
observed hyperhe  doublet satisfies the relation 

E H ( M j ' ,  M J " ;  Mr = +4) - H(hfj', M J " ;  &fI = -4) 
= { - h ' M J ' f  h''MJ'' - k'a[l  - (hfJ')'/(N'+ *)'I 

+ k"H[1 - (Mj") ' / (N" + f ) ' ] ] / [aE ' /aH - aErr /dH] ,  (28) 

where the dE/dH represent derivatives of the magnetic energies E ( H )  of Eq. (17)  
evaluated at the center of the hyperfine doublet. These derivatives are determined from 
fits of the M J  structure (Section IV),  and are not allowed to vary in a hyperfine fit. 
Least squares fits of the hyperfine structure when I" 2 3 were carried out by minimizing 
the squares of (aHOb, - AH,,) with respect to variation of one or more of the param- 
eters h', H', h", and k" in Eq. (28). 
When J" = +, the high field limit does not apply (as illustrated by the hyperfine 

pattern in Fig. 4, containing three components rather than the two permitted by the 
selection rule A M I  = 0), and a somewhat more complicated fitting procedure must be 
adopted. For a small region about some central magnetic field Ho, Le., for the region 
containing some hyperfine pattern, one can parameterize the magnetic field positions 
H ( h f ~ ' ,  kfJ'; Mr", MI") of the hyperiine components as follows, 

IT(", M J ' ;  H r " ,  MJ") = RD(MJ') - [E 'h ,  - E''~~]/TdE'/ 'afl  - &'rr/&?-J (29) 

MI'  is assumed fixed in this expression; MI' ,  hf1" and MJ" all take on the possible 
values if. E'hn is the hyperfine energy of a 1' = 3 level and is given by Eq. (23);  
E"hn is the hyperfine energy of a I" = f level and is given by Eqs. (23) plus (26) or by 
Eq. (27). The derivatives dE'/aH and dE"/dH, which represent aE' (H,  MJ ' ) /aH 
at €I = 3, and )raE"(H, A¶," = +!)/aH + aE"(H, A€," = -i)/a€7J at H = 30, 
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respectively, as obtained from the MJ fit to Eq. (la), are not allowed to vary here. 
Least squares fits of the hyperfine structure of the J f  = 4 = 3 transitions were 
carried out by minimizing the squares of Hob. - R ( M I ~ ,  N r f ;  MI“, MJ”)  with respect 
to variation of one or more of the parameters EO, h’, K ’ ,  (gJ”)en, f”, h”, and k” in 
Eq. (29). 

It can be seen after some reflection that the value of Agrf’ required for the J’ = t 
+ J“ = 3 MJ fits to Eq. (18) can be obtained from the parameter (gJ”)en determined 
from the J’ = + + J” = 3 hyperfine structure fits using the relation 

(gr”), = (gr”) f Agr”, 

where (gr”) for J” = 3 is defined in Eqs. (11). 

Analysis of the J’ = 4 + 1” = $ Hyperline S t ~ ~ ~ t u r e  

We begin the hyperfine analysis with the J’ = 9 t J” = 3 transitions, where patterns 
containing three components can be observed in which the sum of the intensities of the 
two weaker components is approximately equal to the intensity of the strongest compo- 
nent (see Fig. 4). Such patterns permit unambiguous quantum number assignments for 
the hyperfine structure to be established, since the basis set selection rule AMI = 0 
requires the strongest component to be a transition involving a J” = 4 level With 
Mp’’ = =t 1, as described by Eq. (23), and the two weaker components to be transitions 
involving J” = 3 levels with Mp” = 0, as described by the two roots in Eq. (27). 

Table I1 presents all hyperfine measurements and assignments obtained for the 
J r  = 3 -  J I f  = 4 transitions. The nine line measurements in each column are divided 
into groups of three, and are listed within each group in order of decreasing intensity. 
Blank entries indicate hyperfine components too weak to observe. Entries in parentheses 
indicate measurements with two assignments. When the /“ = f level is described by 
Eq. (23), values for both MI“ and MJ“ are given. When the J” = 4 level is described 
by Eq. (27) ,  and is therefore a mixture of MI“ = -MJ” = +f and - 3  basis set 
functions, only a sign is given, indicating the sign to be used in Eq. (27). 

In principle, each of the four J’ = 4 +- J” = f molecular transitions (e.g., F I , ( ~ )  - Fz, (  l), I‘ = 0) displays six high-field ( 1  MJ’I = f) and three low-field (I  Mr’I = 4) 
hyperfine components in the spectrum recorded with any one of the three laser lines. 
The 27 lines from one molecular transition (or as many as were observed) were all 
treated together in a single least squares fit. One Ho parameter was introduced and 
allowed to vary for each high-field or each low-field set of measurements included in 
the fit. In  addition, the set of parameters h’, k’, (g,”)en, f”, h”, and R” was introduced 
and allowed to vary. Values for these parameters from the four fits, followed by one 
standard deviation in parentheses, are given in Table VI. Observed-minus-calculated 
magnetic field values from the fits are given in Table 11. 

Assignment of the spectra to o = 0 and o = 1 vihsatbd levels is &tent with the 
expectation that u = 0 transitions fviiil be much stronger than u = 1 transitiom, and 
that molecular parameters from analogous u = 0 and u = 1 spectra will be nearly 
identical. (Relative intensity estimates of about 0.06 for .the ratio of corresponding 
u = 1 and u = C lines indicate a vibrational temperature somewhat above 1 ~ ” c . )  
It can be shown from the large change in B value with vibrational state (I), and from 
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TABLE VI 
Parameters. from Least Squares Fits of the Hyperfine Structure 

I [..I nJ' no [LG] acIanf 

561.9 -112 15.1)610(4) -0.5189 
561.9 -312 4 .92 lS (4 )  -1.8011) 
561.1 ? l l Z s  4.4903(3)  -0.5W9 
161.3 1312' I .4681(5 )  -1,8091 
554.4 '112 I . U S S ( 4 )  -3.6193 
W . 4  -UZ Z.MlO(41 +1.1167 

F , , ( I l  - F 2 , ( l I b  

* . I  

0.6 

-11.70i311 *14.99(131 

-0.1 si291 4. I x 2 9 1  
-0.12 +0.11 

the 20 kG tuning range of our spectrometer, that only the FI(l) +-Fz(l) transition in 
Fig. 1 permits observatian of v = 1 anti u = 0 specua with the same laserline. 

Magnetic field positions for hypothetical transitions exhibiting no hyperfine interac- 
tions, which are required for the MJ fits of Section IV, can be calculated from the 
parameters in Table VI and an equation analogous to Eq. (29) with h = k = pn = 0 
for the upper and lower states. 

Values for H ( M J ' ,  MJ") calculated from Eq. (31) are given in Table TI. 
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Analysis of fhe Byperfine Structure in Transitions with Y r  >j  

Hyperfine splittings in transitions with Jrr 2 4 all correspond to the high field limit. 
Table VI thus contains hyperfine parameters obtained from these transitions by frtting 
the splittings in Table III to Eq. (28). 

Signs for the splittings aH corresponding to the definition in Eq. (28) cannot be 
determined experimentally. Relative signs have been chosen in Table I11 so that one 
set of hyperfine parameters gives a good fit for all splittings within one rotational 
transition, and so that the signs of lower-state hyperfine constants determined from a 
( I  + 1-1) transition match the signs of upper state constants determined from the 
corresponding ( J  + I - 1) transition. Absolute signs for the hyperfine constants were 
unambiguously established from the fits of the (4 c- 3) transitions. 

The larger number of hyperfine splittings available for the ( + t i )  transitions 
permitted a least squares determination of the constants h and k in Eq. (28) for both 
the upper and lower state. The smaller number of hyperfine splittings for the (3 t 3) 
transitions did not permit determination of all four of these constants, and least squares 
fits for these transitions were carried out with the J = 3 constants set equal to values 
obtained in the (4 + 3) fits. 

' 

Frosch and Foley Parameters 

Tabie VU summarizes the values of the effective hyperfine coupling constant h 
determined from the various fits represented in Table VI. These eight values of hoba 
correspond to zero-field quantities, and should be well described by the four Frosch and 

T-LE VI1 
CH Hyperfine Parameters in [MHz] 

a n b  c a l c  Frosch and Foley Parametersc hobs S t a t e  J 

F Z e ( l )  1 1 2  t l 3 . 2 6  +13.34 t h i s  rrcrkbvd Levy and HInze' 

F Z f ( l )  112 *71.56 *71.48 a *52(21 * ( W  LO 631 

f l e ( l )  3/2 -11.06. -9 .93 -10.60 b -74(3) - ( 6 2  t o  82) 

F l , ( l )  3/2 *0.78, *1.W * l , 03  c +52(7)  +(53 LO 61) 

F l e ( 2 )  512 - 1 0 . 2 3  -10.45 d *43 .6(4)  *43.48 

Flf(Z1 512 -3.20 -2.98 

F l c ( 3 )  712 -8.89 -8.97 

F1,(3) 712 -3.51 -3 .43  

a values fro. Table V I .  For use i n  Eq. (14a) i n  the abscncr of  a 
u q n c t i c  f i e l d .  
prom a  east squares f i t  KO EQ,, i 1 1 1 .  r i c h  standard d e v i a t i o n  

o * 0 . 4  Mil. 

Defined In reference (GI. 

l e s t  d i q i L  u o b u i d  frm thr l e a s t  squares m g m .  

rldl0aSfrOnOn)r 4 a s Y ~ t s .  

' rimers i n  parcnthcses repreicnt onc standard dcviatlon of the 

hf-c (a): a.  b a d  C ab lnltlo CdCUltlonr; d fro. 
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Foley parameters a, b ,  c, and d (13) and Eqs. (13). Values for a, b, c,  and d ,  as well as 
back-calculated values for h (Le., h,,), are also given in Table VII. I t  can be seen that 
the values of a, b ,  c, and d determined here agree well with values determined by Levy 
and Hinze (16) from a combination of radioastronomy measurement and ab initio 
calculatim. 

Once the parameters a, b,  c, and d have been determined from fits oi the values for the 
zero-field coupling constants h to Eqs. (13), it  is possible to use Eqs. ( 2 2 )  and (24) to 
calculate values for the coefficient R of the magnetic field correction term in Eqs. (23) 
and (27). These calculated values for k are given in Table VI. They do not agree well 
with the observed values, which is probably the combined result of experimental 
uncertainties in the small hyperfine splittings and of the approximate theory used. 

VI. DISCUSSION 

The most interesting results of the present work are probably the rotational energy 
levels and A-doublings in Table V and the hyperfine parameters in Table VII. 

The three well-determined rotational intervals in Table V are in good agreement with 
previous optical work (2 ) .  In  principle, these three intervals could be combined with 
the optical measurements and used to improve the values of A ,  B ,  and D for CH. We 
prefer instead to wait for more extensive data on the three newly observed transitions 
5hOtM in Fig. 1 (including observations with additional laser lines), since a thorough 
analysis of surh data will provide five well-determined rotational intervals and an 
internal check. 

Similar remarks can be made concerning rehement  of the A-doubling parameters 
p and q. These exhibit a somewhat larger than expected dependence on the quantum 
number J (Z ) ,  and more information, particularly for F , ( N )  levels, seems desirable before 
attempting to fit the data into some precise theoretical model. Analysis of the newly 
observed transitions will also permit a check on the A-doubling intervals in Table V, 
which were determined in the present work only by combining our values for interval 
di’omces with the radioastronomy value ( 4 )  for the 1 = 3 interval. 

The hyperfine parameters a, b,  c, and d determined in the present work must be given 
signiiicantly larger uncertainties than rhe values of one standard deviation shown in 
parentheses in Table VII. Our numbers thus do not represent an improvement over 
those of Levy and Hinze (16), but the good agreement between the two sets of param- 
eters certainly represents an experimental confirmation of the theoretical results. 

The h-doubling intervals in Table V may be of interest for astronomical searches for 
further microwave transitions in CH. We believe that three new A-doubling intervals 
are now determined with an uncertainty of about ~ 1 0  hIHz. Future searches could 
thus be carried out at: (i) 0.710 GHz for t he  F,(1) state lying at  a thermal excitation 
energy above the 1 = f state equivalent to  26 K ;  (ii) at  4.857 GHz for the F 1 ( 2 )  state 
lying a t  an energy above 1 = 3 equivalent to 105 K; or (iii) a t  11.269 GHz for the 
F1(3)  state a t  227 I(. Unfortunately, the present work does not yield an experimental 
determination of the i GHz splitting of the F 2 ( 2 )  state lying a t  an excitation energy 
above J = 1 equivalent to 96 K. 
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