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Far Infrared Laser Magnetic Resonance Spectrum of CH
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Nationcl Bureou of Standards, Washington, D. C. 20234
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Laser magnetic resonance spectra between 0 and 17 kG have been recorded and analyzed
for (J'—J") = (3 —14), (1), and (§ ~ &) transitions in the CH molecule, using the
optically pumped far infrared lasers: 118.8 um (CH,OH), 180.7 um (CDOH), 554.4 um
(CH.CF3), 561.3 um (DCOOD), and 567.9 um (CH,CHCI). Other transitions in CH were
detected with the *CH,0H laser at 115.8, 149.3, and 203.6 um. The CH radical was generated
in a low-pressure methane and atomic fluorine flame within the laser cavity. Analysis of the
M'; — M’ structure yields wavenumbers for the rotational transitions mentioned above of
£4.3494, 55.3397, and 17.8376 cm™!, respectively. Combining results from the M, analysis
with the J = § A-doubling interval derived from radicastronomy measurements yields
A-doubling values for the J = §, §, and } states of 0.0237, 0.1620, and 0.3759 cm™, respec-
tively. Both the rotational intervals and the A-doublings are in good agreement with earlier
less precise aptical results. Apalysis of the hyperfine structure yields values far the Frosch
and Foley byperfine parameters of ¢ = +52, b = —74, ¢ = 452, and d = +43.6 MHz, in
good agreement with recent ab inilio estimates and radicastronomy measurements.

L INTRODUCTIION

The electronic spectrum of CH has been studied extensively (1) and vibration—
rotation levels of many electronic states are known with an accuracy of 0.01 to 0.1
cm In particular, the low-lying rotational levels of the X?II, ground state of CH
have been well characterized by Douglas and Eliiott (2). Higher precision.studies 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 v = 0, J' = §+ J" = 4 transition (primes
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
v=0and J =}

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

' 1 NBS-NRC Postdoctoral Research Associate, 1975-77. Present address: Bell Laboratories, Murray
Hill, NJ 07974.
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These five spectra involve only two additional CH rotational transitions, but it proved
necessary for complete analysis to record some transitions with more than one laser
line. A recently discovered new set of laser lines from BCH,OH (5) has just provided
three additional spectra assigned to three other rotational transitions; however, complete
analysis of these 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 ?II states can be labeled using either
Hund’s case (g) 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 basis sef functions used in carrying
out the theoretical calculations, since this greatly simplifies setting up the Hamiltonian
matrices. In case (a), rotational functions with J > 4 are assigned to either the II;
or 2II; spin component of the nonrotating molecule. We shall, on the other hand, use
case (5) notation to label rotational wavefunctions and energy levels obtained by
diagonalizing 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 () notation
is singnlarly inappropriate for the X0 state of CH with 4 = 2B. (When 4 = 2B,
all molecular rotational wavefunctions with J > } are an exactly equal mixture of case
(a) 3, and *I1; basis set functions for that J, whereas these same molecular wavefunc-
tions are very nearly equal to one or the other of the case (b) basis set functioms.)
In case (&), rotational levels are characterized by a quantum number N, where N = J
F § for Fi(N) and Fy(N) levels, respectively. The level with N = J — } always lies
lower in energy than the level with N = J + 4, for the same J.
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Fic. 1. Energy level diagram for the low-lying rotational states of the X*IT state of CH (2). Rotational
levels are drawn to scale in the center of the diagram and labeled by the rotational quantum numbers
N and J. A-doublings are magnified 20-fold and shown at the edges of the diagram; the resultant levels
are labeled by their parities. Wavelengths of the far infrared laser lines used to obtain magnetic resonance
spectra of the indicated transitions are given in the figure. Spectra observed with the 115.8, 1493, and
203.6 gm bpes (mdicated by the dashed transitions) have not been analyzed m the present work.
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TABLE I
Rotational Transitions of CH Ohserved in Laser Magnetic Resonance Studies

Laser Characteristics CH Rotational Transitions

Pump®  Gain Medium 3 fum] ~ [cm']] (N'd' = (N",3") (9\3‘)b (QJ')b

10 R(16) ‘3cu30n 115.8  86.33845°  (3,5/2)-(2,3/2)9  +0.152 +0.062
Discharge W0  118.6 84.32407  (3,7/2)-(2.5/2)" -0.341 -0.495

9 P{36) CH30H 118.

8
9 P(22) ‘3CH30H 149.3  66.99168°  (2.3/2)-(1.,1/2)% +0.062 +0.001
7

10 R(34) ED30H 180. 55.32794¢ (2.5/2)-(1.3/2)1 -0.495 -0.863
10 R(16) ‘3CH30H 203.6  49.10728°  (2.3/2)-(1,3/2)%  +0.062 -0.863

84.15092°  (3.7/2)-(2.5/2)! -0.341 -0.495

10 P(14)  CHCF, 556.4 18.03865° (1,3/2)-(1,172))  -0.863 +0.001
10 P(20)  ocoon  s61.3 i7.81598°  (1.3/2)-(1.1/2)'  -0.883 +0.001
0PO8)  CueHl S67.9 176073 (1,3/2)-(11/2) -0.863 +0.001

The gain medium was pumped by electric discharge or by ¢ COZ teser l4me
cf the 9 .1m or 10 um band.

Magnetic g-values, calculated from Egs. (11) and valid for a zn state
with A = 28 when H m» 0,

© From the precise frequency measurements of (s).

9 From the precise frequency measurements of (6).

® From the precise frequency measurements of (7).

! from the precise frequency measurements of (8).

% Spectrum recorded and tentatively assigned, but not completely analyzed.
: Spectrum recorded and assigned in (3).

Spectrum recorded and analyzed in the present paper.

We adopt as parity labels the subscripts e and f (£0), which indicate that the rotational
state in question has parity + (—1)73 or — (—1)7-3, respectively.

The rest of this paper is divided into sections containing experimenta! details (II),
the theoretical model (III), details of the least squares fits of the M structure (IV) and
the hyperfine structure {V), and some discussion of the results (VI).

0. EXPERIMENTAL METHOD

Spectra were obtained with a newly constructed COy-transversely-pumped far-infrared
magnetic resonance spectrometer (1), 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 1. The far infrared laser radiation remained stable to within 0.00003 cm™ of the
values in the table during measurement.

The magnetic field could be scanned from 0 to 20 kG (10 kG = 1 T), though
accurate field measurements were possible only below 17 kG. For these accurate measure-
ments, magnetic fields were recorded with a precision of £:0.1 G using 2 nuclear magnetic
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OPTICALLY PUMPED LASER MAGNETIC RESONANCE SPECTROMETER
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F1G. 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 to 60 G over the 0 to 17 kG
scan. It is believed that the corrected field values have an accuracy near =1 G.
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F16. 3. A magnetic resonance survey spectrum of CH from 0 to 20 kG, recorded with the 180.7 um
line of CD;OH. 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
direction when the laser is pulled ta slightly higher frequency. The lower state quantum number M,"”
is given above each line belonging to the Fyy(2) «— F,4(1) transition and below zach line belonging to
the Fu(2)+~ Fu(1) transition of CH shown in Fig. 1.
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F1c. 4. The hyperfine patternof a v = 0 F /(1) «— Fs,(1) transition, recorded in perpendicular polariza-
tion with the 554.4 um line of CH,;CF;, under conditions such that the linewidths (in MHz) are deter-
mined by pressure and Doppler broadening. A three-line hyperfine pattern is observed because the
J'' = % state has an extremely small g value and the high-field coupling limit (with good quantum
numbers M and M) applies only to the J' = § state. The lower state quantum number My = M ;"
-+ M, is shown for each line. The combined intensity of the two Ms" = 0 lines is approximately
equal to the intensity of the M »"” = —1 line.

Since the Bohr magneton up has a value of 1.4 MHz/G, and since the M, components
of rotational levels vary in energy as —gsusM sH, where approximate g, values for
CH are given in Table I, the accuracy of the magnetic field measurements would seem
to permit energy level determinations to ==1 MHz. Attaining such accuracy in practice
is quite difficult. Qualitatively speaking, the difficuity arises from the fact that absorp-
tion resonances observed near 10 kG involve magnetic shifts of the energy levels approx-

CH NJ =2 25+N"J" =115

MJ' = MJ"= 15

=05

LASER LINE 1807 ym (CD3DH)

T T
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F16. 5. Lamb-dip measurement of the hyperfine splitting in the first line of the parallel-polarization

- spectrum shown in Fig. 3. Chopping and detection electronics are such that a2 Dappler-broadened

line-derivative profile first rises and then falls as H increases, while the associated Lamb-dips fall and

then rise. This two-line pattern corresponds to the high-field coupling limit. Upper and lower state
quantum numbers are shown for each Lamb dip.
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imating 10 000 MHz. One must thus extrapolate the Zeeman levels back to 0 kG with
an accuracy of 1 part in 10¢ to achieve the desired =1 MHz uncertzinties. In the
present work we were able to achieve, with some difficulty, uncertainties of =6 MHaz.

In the earlier measurements CH radicals were generated in an oxygen-~acetylene flame
{3) at higher pressures and from C;0: and H atoms for the lower pressure hyperfine
measurements. In the present work, CH was generated by reacting CH, with F atoms
(formed in a microwave-discharged mixture of ¥, in He) under flow conditions achieved

TABLE II

Magnetic Field Values,* Assignments,® and Observed-minus-Calculated® Values
for the J' = § — J' = % Transitions of CH

1
Spectra recorded with the 567.% um line of CNZCNC\ Spectra with 561.) um of DCOCO ;
- - - - |
Fh(l) - Fz.(l) Fh{!) - Fh(l) F"(I) F"(l) F"(l) sz(” rh(l) fz.(l) F‘.(H Fz.(l) .
Assigrment veD vel veQ vl ve0 s ]
0-C 0-C 0-C 0-C e-C g8-¢
LIS R % (6] (6] ¥ (k6] (6] W {xa] (6] H(x6] (&) ¥ (k6] (6] L C N
=172 <172 <V/2 =3/2F 15.9646 -0.2 13.0738 -06.0 8.3213 0. 5.995¢ -0.9 4.3%040 0.5 1.7969 0.4 !
172 1/2 ?-g 15.9802 0.2 13,0938 0.0 8.4287 +0.2 §.1012 +0.2 4.5248 0.1 1.8238 0.4 )
*1/2 -1/2 - - - - - 8.2096 «0.2 §.9750 -0.3 44433 0.8 - -t
ST V2 #1/2 #1/2 | 18.7575 0.6 12.9251 +0.0 8.3313 -0.4 §.0049 -0.2 {4.4662) +1.1 il.nl! -0.1 |
<12 32 . 15.76%0 +0.6 12.9335 +0.0 4.3553 -0.) 5.0215 0.8 (4.4662) -1.1 1.7883) 0.9 |
-1/2 =142 - - - - - 8.4917 .0.1 6.1480 +0.5 . - - -t
-1/2 <32 -V/2 72 4.9300 +0.4 4.0913 +0.2 2.8763 +0.2 {1.9486) -0.2 1.4647 +0.4 0.5902 -0.5 !
*1/2 <32 [ 4.942¢  -0.2 4.1075 0.2 2. -0.0 1.9851 0.2 1.a731 -0.4 0.5082 +0.5
*1/2 <32 1€ 4.9136 -0.2 - - 2.6729 -6.2 (1.9468} +0.0 - - - -
t
-172 Y2 158722 1.2 11,0834 -1.9 8.3%08 -0.1 §.0260 -0.2 45139 -0.0 1.808) -0.31 4
-1/2 *1/2 | 15.7625 +1.% 12.92%7 +3.2 8.357 +0.3 6.0355 +0.4 4.466% 0.0 1.7902 -0.1
-2 -1/2 4.9359 -0.5 4.1000 <2.4 2.5856 0.6 1.9572 -0.5 1.4707 +0.) 0.5978 1.8 |
| Spectrs with $61.1 um of DCOOQ0 Spectry recorded with the 554.4 um line of cnzcrz
i
PFrgll) = 1) Figl) = Fp (V) 1R 1) = Fog{l) Fitt} Fael?) Frell) = Faell) Fyell) = Fpul)
Asgigrment ' vy=0 vl ve? vel ve3q vel
' 9-C 0-C 0-¢ 0-¢ g-C 0-¢
LTI PR AL PR B R L) B O W (6] (6] K (x6] (&) w (k6] (6] u {er] (6] H (k6] (6]
i
172 172 #1372 o1/2 | 2.2579 -0.% obscured - 6.4887 «0.0 9.0808 +0.0 12.573¢ 0.1 14.7608 0.1
/2 V2 *} 2.2531 -0.) 4.4870 «0.6 6.468) 0.4 9.0576 +0.2 12.5464 «0.1 14,7289 «0.2
W2 =172 -) : 21377 -8 4.3738 0.5 6.3629 -0.4 - - 12.4227 -0.2 14,5996 +0.4
12 2172 12 -1/2l 2.2602 +0.) 4.%027 1.2 §.4151) «0.0 (8.9831) -0.1 12.5831 +0. 14.7660 -0
o172 172 (=) 2.152% Q.1 4.408) el.1 §.4151) =01 (8.9831) -0.% 12,5040 #40.1 14,6947 -0.3
/2 #1172 {*) ! 2.2697 <0.8 - - - - - - 12.6284 -0.0 14,8276 -0.1
172 *WT V72 *12 ! {0.7609) «0.0 1.8278 - 2.2168 0.4 3.148 0.2 44074 01 §.2220 -0.%
=42 *Y2 . ! (0.7609) +0.0 - - 2.2084 +0.2 31218 0.1 4.4080 -0.4 §.2170 «Q.¢
<172 2372 - tograte -0t . - 2.1911 #0.2 31017 .03 4.2691 0.3 81777 <.}
'
-2 /21 2.2208 0.1 44711 «0.) §.4776 0.1 9.0686 -0.6 12.5449 0.9 14,7321 2.9
1/2 =721 2.2 .00 44778 «0.8 €.4157 «0.) 4.5817 1.2 12.5585 +0.5 T4.7837 4.0
*¥2 *1/21 0.7%14 €7 1. 2.2 2.107 «0.0 3121 -4 4.4018 <i.1 $.2122 -2y
I}

% The firtt 9 rows of numbers {n esch colum hesded ¥ represent actus! fleld measurements of laser magnetic resonance
Tines (3 with aMc « 0, 6 with adp sV}, tsted 1n order of decreasing tatensity within asch group of three; misstng
entries indicate lines t00 weak to observe; messyrements {n parentheses have Two assigrwents. The last 1 rows of numbers
th atch column headed H represent Nypothetfcs! magnetic fteld valves far transitions free of proton hyperfine effects,
as obtatned from Eg. (31).

For sctual magnetic flald measurementsy, ass(gnments ars given for he upper StAte Quantum Rurbers NI' and NJ': the
lewer S0t Quanlun nemhers fy° And N7 are 4150 given when Bg™ e 31 only & s1gn 13 given when M° « 0, indicating
the appropriste sign chofce fn £q. (27]. For nypathettcal Nyparfine-free flald values, only upper and lower 3TRTR
M, assigrments are given.

"

The first 9 entries in each colwmn headed 0-C sre obtatned from one of four least squares Nyperfine fits using Eq. {29);
measurements of all lines belanging ta # given rotationa] transition, f.a. measurements recorded with a1l thres laser
11nes, were comdbined in a single fit. The last J entries in each column hesded 0-C are obtained from tndfvidual three-

line HJ fits to Eq. (18).
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with an 18 I/sec mechanical forepump. Approximate partial pressures of CH,, F,
and He, as measured somewhat away from the reaction zone within the laser cavity,
were 3, 3, and 925 mTorr, respectively, for maximum signal strengths. (1 Torr corre-
_sponds to 133 Pa.) These conditions gave a bright blue flame in the center of the laser
cavity. 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 3,

TABLE III

Magnetic Field Measurements, Assignments, Hyperfine Splittings, and Observed-minus-Calculated
Values for the (J' « J"') = (% «~ §) and (3 «— %) Transitions of CH

Myom R 0c® skt an® 0-c® M e W o-c® aeaK® ek’ ot
180.7 um  Fy(2) ~ F(1) 82« 32 NBsun’  Fi3) - Fl2) 7252
+3/2 +3/2  3.2185 -0.0 -0.7350 - - | 52 .52 4.258 +3.9 +0.6043 - -
*1/2 +3/2 1.6699 +0.2 -1.4382 6.7 +0.0 | -3/2 -3/2 6.628 <+2.3 +0.4118 - -
<172 4172 2.5985 -0.) -0.9144 10.8 -0.0 | -1/2 -1/2 13.22] . -7.9 +0.2572 .0 -0.1
©=3/2 172 5.3163 +0.0 -0.3817 26.2 +0.0 | -3/2 -5/2 2.316 +3.9 +1.0778 - .
172 -32 2.924  +4.6 +0.8559 4.8 -0.1
+1/2 -1/2 3.968 +6.6 +0.6331 7.3 +0.6
180.7 ym Py o(2) = F (1) 872~ 32 | 43/2.+1/2 6171 +1.0 +0.4080 11.1 +0.4
+5/2 +3/2 18173 <05 +0.1741 o .

-3/2 -3/2 2.1857 -0.3 +0.8007 -7.2 +0.0

2

-1/2 -1/2  5.7456 +0.1 +0.3415 - -

=172 -3/2  1.1614 +0.9 +1.4934 -1.8 -0.1 118.8 um? F\e(j) - F]E(Z) 12+ 52
+1/2 =172 1.7752 -0.3 +0.9820 1.4 +0.0

+3/2 +1/2  3.7701 -0.0 +0.4720 1.1 -0.0 +3/2 +5/2 10.1149 +2.2 -0.8037 12.5 -0.2
+1/2 +3/2 13.2780 -1.6 -0.5836 14.4 +0.2

Ne.6wm’  FL (3) - F

le 2y w2~ 52

le N8.8un  F(3) = Fl(2) 772+ 52

+5/2 +5/2 8.242 +4.9 -0.4359 5.3 -0.1

*3/2 +3/2 17.147  -2.6 -0.1612 - - +5/2 +5/2 5.4669 -2.5 -0.4685 -6.2 -0.5

+3/2 +5/2 4116 +3.4 -0.9231 12.5 +0.2 +3/2 +3/2 10.3155 +1.7 -0.2162 -14.7 +0.2

+1/2 +3/2  5.275 +3.2 -0.7108 13.6 -0.3 +3/2 +5/2 2.7731 -1.4 -0.9586 1.3 +0.1

-1/2 +1/2 7.377  +2.5 -0.4920 17.1 +0.3 +1/2 +3/2  1.5347 -1.6 -0.7489 2.2 -0.1

-3/2 -1/2 12.694  -2.1 -0.2443 26.7 -0.1 -1/2 +1/2 4.8822 -1.4 -0.5325 4.2 -0.0
-3/2 -1/2  7.9731 +i.1 -0.3083 8.6 -0.4

e Magnetic field measurement in [kG] at the center of each two-line hyperfine pattern.

b Observed-minus-Calculated values in (G] from fits of each of the six M) patterns in this table
to £q. {(18): Vmismatch and ( gJ') were bath varied, except for the fifth pattern.

Value of (JE'/3H-3E"/3H) in [MHz/G] at the center of each two-line hyperfine pattern, obtained

a

from fits of the "l‘J structure.
d Measured separation in [G] of the two hyperfine components of each line. Blank entries
indicate splittings too small to resolve. Signs have been detérmined as described in the text,
SO that the definition of &H in Eq. (28) is valid.
Observed-minus-Calculated values in [G] from fits of four sets of hyperfine splittings to £q.
(28). (Hyperfine splittings from the 118.6 and 118.8 um patterns corrresponding to the same
free-molecule transition were combined and fit simultaneously.)
f Central magnetic field values here were taken from the literature (3): hyperfine splittings
were taken from unpublished work of A. H. Curran, K. M. Evenson and H. £. Radford.
The M) structure here was it to £q. (18), varying only v, ... (see Tanle IV).

w“
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which illustrate a 180.7 um survey spectrum, a fully resolved 554.4 pm Doppler broad-
ened hyperfine pattern, and a 180.7 um 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 IT and III.

III. THEORETICAL MODEL

In this section we shall: (i) define the case (as) basis set functions used to carry out
the theoretical calculations, (ii) discuss the three parts of the molecular Hamiltonian,
corresponding to the (large) rotational 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 Set Functions

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

|ASZ; QTM ;; IMy), (1)

and are quite standard for the problem at hand. The quantum numbers S, J, and J
represent the total electron spin, the total molecular 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, and M represent projections
along the laboratory-fixed Z axis of J and 1. For the X*II state of CH, S = 4, [ = 3,
and A, 2, M; take on only the values =1, =3, =4, respectively.

The functions (1) are sometimes described as case (¢s) functions (13). The (a)
indicates that the electron spin is projected along the molecule-fixed z axis (internuclear
axis) ; the subscript 8 indicates that the nuclear spin is projected along the laboratory-
fixed Z axis. (In this paper, capital letters X, ¥, Z denote laboratory-fixed axes;
lower-case letters x, y, z denote molecule-fixed 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.

IC = 3Cp + Iom + IHa- (2)

The spin-rotation Hamiltonian 3, can be written (/2) in terms of molecule-fixed
components of the angular momentum operators L, S, J, and the three molecular param-
eters 4 (spin—orbit coupling constant), B (rotational constant), D (centrifugal distortion
constant).

%, = +4LS,+ B[(J. — S + (J, — 85,)7]— DL(J.— S:P+ (I, — S,FF. ()
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The magnetic Hamiltonian 3¢ can be written (/4) in terms of laboratory-fixed compo-
nents of the operators L, S, I, the magnetic field strength H, and the universal constants
#p = 1.399612 MHz/G (Bohr magneton), ue = 0.762253 MHz/kG (nuclear magneton),
g. = 2.00232 (g-value of the free electron spin), gr = 3.58569 (g-value of the proton).

n = tus(Llz+ gSz)H — grualzH. 4)

The hyperfine Hamiltonian 3Cx 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 Ly = L; = iL,, etc.), and the four molecular hyperfine constants g, 6, ¢, d.

Xn=al L.+ 81-S+ ¢l S, + $d[L 2.5, + L,_S_]. (s)

Because of the choice of good quantum numbers in the basis set (1), matrix elements
of all operators in Eqs. (3-5) except Lz and Sz in Eq. (4) and I, 7_, and I, in Eq. (3)
can be found from standard elementary angular momentum considerations (/2).
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 = aZst -+ aZyLy + aZILI (63')
I: = axldx + ayvly + az.lz, (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 (/4). For the basis set (1), these

matrix-elements must be considered to be functionsof J, @, and M ; {12). When evaluat-
ing matrix elements satisfying AJ = 0, the particularly simple operator equivalent

ar,—JrJ/I(J + 1), (7

where R = X, ¥, or Z and s = x, y, or z, is often convenient.

Simple Expressions Valid when A = 2B

The ratio A/B for the X1 state of CH, as found in the literature, is 1.97 (/) 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 4 = 2B.

Folowing (12), we tan easily obtain totational energies and wavefunctions from the
basis set (1) and the Hamiltonian (3) with 4 = 2B and D = 0. The energies, which are
independent of the e, f parity subscripts because A-doubling effects have not been
included in Eq. (3), take the forms

Fi(1) =0
Fy(N 2 2) = B[N(N + 1) — 1] — B[N — (N* = )] (8)
Fi(N21)=BN(N+ 1) — 1]+ B[(N+ 1) = (N? 4 2N)1].

These expressions, apart from Fa(1), only differ by approximately B/2N from the case
(8) values of B[N (N + 1) — 1]. For a particular choice of phase factors (12), we can
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write the corresponding rotational wavefunctions as
o)) = 274+ L}, ~ 5 4+5, 3, MO F (=14, +4 -3, 3, M)
)sz-f(N22)> = 4_§!El+lri': +%)+%y N—%r MJ) - [ +1) %) —%:+%;1V—’}7M-’>]
+ Cl—lr %r —é; _'3', N—%; Mf)
[Fr (N 2 1)) = 44| +1,4, +5-+%, N+3, Mo+ [+14 4 +4, V+4, 4]
;E‘ 1 %: %7N+%7MJ>
+ ‘—1’ éy +%; —"}y N+%1 MJ):”J
where proton nuclear spin functions have been omitted. The latter can be supplied
simply by multiplying the left- and right-hand sides of Egs. (9) by |IM;). It is easily
seen that the rotational wavefunctions (9), except for Fa,,r(1), represent equal mixtures
of 21, basis set functions (@ = =}) with *II; basis set functions (@ = =3%).
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

En to the rotational energies (8). These corrections, whlch are appropriate when
(upAN/B) < 0.1, take the form

E W = —grupM ;H, (10)
where g is independent of the e, f parity subscripts and has the values
gF(1)]= -1~ %)/ + 1D
BN 2= — {24 4 — g [U - DU+ HP/27U + 1) (11)
gARN210)] = -2+ .+ e [U- DU+ DH/27U+ 1.

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

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

den— h(IxTx + IvTy + 12)2) = k(1-J), (12)
where the effective hyperfine interaction constant k is given by
h{Fa (1) 1= {+ 28~ (b+c)F2d} /4T (J+1)
HFa (N2 2)]= {+40+ G+ Fd(J+D—22[(J-HT+PI/ATT+1) (13)
W (N2 1)]= [+46+ (b+e)Fd(J+H+20[(J-H T+ /4T U+ 1),

if we consider the ladder operators L,? and L.? in Eq. (5) to be normalized such that
(A= =1{L.2A = F1) = +1in the basis set (1).
Two simple hyperfine energy level patterns can be obtained from Eq. (12),

E = FF+ 1) = JJ+ )= I(I+ 1] (14a)
E\® = hMM . (14b)
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Equation (14a) is valid when the magnetic field # = 0, with the quantum number F
obtained from I and J by vector addition. Equation (14b) is valid when

Nih| < |gs|usH < B/N. (13)

Iv. DETAILS OF THE FIT OF THE M,; STRUCTURE

The coarse structure of laser magnetic resonance spectra observed in this work (see
Fig. 3) arises from transitions between Zeeman split components M, — M ;" of pure
rotational ‘transitions (N, J") « (¥”, 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 g, expressions in Egs. (11).

The steps in the least squares fitting procedure used to reduce the data were as
follows: (i) a preliminary fit of the M, structure was carried out, making no attempt
to correct for hyperfine splitting effects; (ii) some information from the preliminary M,
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 M
transitions free from hyperfine splitting effects, and these hypothetical M, transitions
were refit. Steps (ii) and (iii) were iterated until consistency was achieved. All three of
these steps require some additional theoretical manipulation. In 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 3Cm,, obtained from Eq. (4) by omitting the term in Iz,

Hme = +(Lz+ g.S2)usH. : e (16)

Nonvanishing matrix elements of this operator obey the selection rules AM,; = 0 and
AJ = 0, ==1. We set up the Hamiltonian matrix representing magnetic interaction of a
given level (N, J, M ;) 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 Egs. (1) and (3) and values of 4, B, and D from the literature (4, 2). Then,
using these wavefunctions, a 2 X 2 matrix is formed by evaluating matrix elements
of JCm. within the pair | Fi(N)), | F2(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 (I2) are made to each of the four
elements of this 2 X 2 matrix, using the Hamiltonian operator 3w, and taking into
account interactions of the rotational wavefunctions [Fi(N)) and |Fi(N)) with the
totational wavefunctions |F,(N + 1)), |Fu(N — 1)), |[Fi(N— 2)), |F:(N—+ 2)),
|F2(N + 1)) and |Fo(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 within
the *II state. Asis well known (15), the operators L. and L, induce a slight contamination
of I states by % and 2A 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 2 small
empirical correction term — AgrupM sH.

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

E(H) = EnH) — En.(0) — AgsusMH. an

TABLE IV

Parameters from Least Squares Fits® of the M Structure

e b c . . 144
Transition A [wum]® o [6] a9, 89, ¥ mismatch [em™')

Flell) = Foe(M® 567.9 1.3 -0.00217% -0.005079 -0.29754(2)
vs0 561.3 0.0 -0.00217 -0.00507 -0.08882(0)
554.4 0.1 -0.00217 -0.00507 +0.13380(0)

Fle(l) = Fp ()® 567.9 3.9 +0.00817° -0.00500% -0.24414(5)
val 561.3 1.2 +0.00817 -0.00500 -0.03559(2)
554.4 1.5 +0.00817 -0.00500 +0.18720(2)

Fre(l) = Fpp())® 567.9 0.5 -0.00s57° +0.000107 -0.16309(1)
va0 561.3 0.5 -0.00557 +0.00010 +0.04567(1)
554.4 1) -0.00557 +0.00010 +0.26826(2)

Fle(l) = Fpr(1)® 567.9 0.4 +0_o0ss: f -0.000089 -0.11738(1)
vl 561.3 1.6 +0.00551 -0.00008 +0.09128(2)
554.4 4.0 +0.00551 -0.00008 +0.31398(6)

Flel2) = F]e(I)h 180.7 0.2 -0.00148(1)  -0.00217° -0.08092(0)
Fle(@) = F " 1807 0.6 -0.00822(3)  -0.00557° +0.05741(1)
Flel3-F (" 1186 40 -0.00135(2) -0.00148" -0.13301(2)
na.s 2.7 -0.00135" -0.00148 -0.30546(4)

Fle3) = Fe@)” 118.6 5.2 -0.00399(2)  -0.004227 +0.08094(3)
118.8 2.0 -0.00404(2)  -0.00422 -0.09160(1)

Using Egs. (17) and (18), and molecular constants A = 28.382, B = 14.191 (2),

and D = 0.00143 (1) ™). An observed value (2) for the appropriate F1(N)-F2(N)

spacing was also used in setting up each 2 x 2 matrix, as described in the text.

® Laser wavelength used to record spectrum.

€ Standard deviation of the fit.

¢ Numbers in parentheses indicate one standard deviation of the last digit given,
as obtained from the least squares program.

® Data and Observed-minus-Calculated values in Table II.
Adjusted to eliminate discrepancies in values of Vmolacule determined from

spectra of the same (3/2 « 1/2) transition recorded with » = 554.4 and 567.9 um.

Determined directly from least squares fits of the (3/2 ~ 1/2) hyperfine patterns.

Data and Observed-minus-Calculated values in Table III.

Fixed at the adjusted value from the (3/2 -« 1/2) fits.

Fixed at the Teast squares value from the (5/2 « 3/2) fits.

Fixed at the least squares value from the 118.6 um, F}!(Jj - ‘}912) i1,

F a

[ S .
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The first 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)
rotationa} level under consideration; and the third term is the empirical correction.

Least squares fits were carried out by minimizing the squares of the function Hp,
— H.,., which can be shown to take the form

Hope — Heare = [El(Hob-) - E”(Hobn) - ”mumnbch]/[aE’/aH - aE"/aH]H-ilum (18)

when written in terms of upper and lower state energies E'(H) and E''(H) as defined
in Eq. (17), and the quantity

(19)

Vmusmateh = Viaser — Pmoiecutes

where v, represents the wavenumber of the far infrared laser used to record the
magnetic resonance spectrum and Vgoecus FePresents the wavenumber of one A-doublet
of the molecular transition (N', J')« (N, J'') in field-free space. In a given least
squares fit, only M, «— M ;" transitions belonging to this one field-free molecular
transition are included. During a fit, one or more of the three quantities Ymumuen, 487",
and Ags" occurring in Eqgs. (17) and (18) are allowed to vary.

Analysis of the M ; Struclure

Preliminary fits of the M ; patterns in Table III and non-hyperfine-corrected patterns
in Table TI were carried out using Eq. (18) with Ag,’ = Ags” = 0. Initial estimates for
Vmumaren, the onty quantity varied in these fits, were obtained from graphical displays
of upper and lower state Zeeman splittings, as predicted by Eqgs. (10) and (11) in the
section on “‘simple expressions valid when 4 = 2B.”

The fit of each pattern in Table II of hypothetical M, transitions free from hyperfine
splitting effects, as determined in Section V below, and of each M, pattern in Table III,
was also carried out using Eq. (18) with Ag,’ and Ag,” permitted to vary. Treatment of
the empirical correction term in Ags was somewhat different for levels with J = 4,

TABLE V
Low-lying Rotational Energy Levels of CH

N J Energy [cm"] A-doubling = 8v g [cn'l]
This work Other This work Other

! vz 0.0 0.0 - -0.1108%,-6.113¢°

1 ¥z 17.8376(2)°  17.836°  g.0237(2)° +0.mg’

2 s/2 0 713773} 73080 0.1620(3) +0.159°

3 72 157.5267(4)  157.536°  +0.3759(4) +0.373°

3Reference (4). Used here to calcuiate the higher-J A-doublings.
SReference (2).
Mumbers in parentheses indicate the authors' estimates of overall

(statistical plus systematic) uncertainties in the last digit.
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levels with J = 4, and levels with J = } 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 Ag, for each of the two A-doublet components of the J = 4 rotational
state was determined directly from least squares fits of (3 «— }) hyperfine patterns in
Section V. This was possible because the extremely small Zeeman splittings exhibited
when J = 4 lead to hyperfine patterns which are strongly dependent on Ags, as can
be seen from Eq. (27).

Values of Ag; for the J = 4 A-doublet components were adjusted by hand to
eliminate discrepancies in the values of vmgiecue Obtained from separate fits to Eq. (18)
of the same molecular transition recorded with different laser wavelengths near 560 um.
In such least squares fits of the M ; structure of either Fy,(1) e Fa (1) or Fy,(1) — Far(1)
transitions, only vpumaes Was varied, Ags”" having been determined as described in the
preceding paragraph. When Ag; = 0 for the J = # A-components, discrepancies in
Vmaiecuwre aT€ a5 large as 0.004 cm™'; when Ag,’ has the values given in Table IV, these
discrepancies are reduced to 0.0001 cm~'. The first of two checks on this empirical
correction procedure is provided by the fact that the same value of Ag,” which removes
the discrepancy between values of vggecye 0btained from the shortest and longest laser
wavelengths (554.4 and 567.9 um) also removes the discrepancy for the middle laser
wavelength (561.3 um).

Values of Ags for the A-doublet components of the J = 3 and J = 7 rotational states
were determined from separate least squares fits of the M structure of the (3 « %)
and (3+—$) transitions, respectively, to Eq. (18), varying only ¥mumawn and Ags.
In the first fit, Ag;” (J” = %) was held fixed at the value obtained from the procedure
of the preceding paragraph. In the second fit, Ags” (J”' = $) was held fixed at 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,(2) (3 — %) spectrum recorded at both 118.6 pm and 118.8 um.
Consistency requires that the same Ag,’ and vgoecue values be obtained in both fits.
Indeed, as indicated in Table 1V, the Ag,’ values agree to 0.00005 (1.3%); the values
Of Vmismaren 10 Table IV yield values for vmoieeus Which agree to 0.0001 cm™. An identical
check cannot be obtained for the F,,(3) «— F;.(2) transition, since the 118.8 um spectrum
contains only two lines. Nevertheless, by fixing Ags’ at its 118.6 um value, and varying
OnlY Vmemaren in Eq. (18), we obtain a value of vmoiecme Which also agrees with its 118.6
pm counterpart to 0.0001 cm™. Thus, even though at present the values of the small
correction parameters Ags cannot be deduced theoretically, we believe the empirical
correction procedure is justified and leads to correct results.

V. DETAILS OF THE FIT OF THE HYPERFINE STRUCTURE

The finer structure of the laser magnetic resonance spectra observed in this work
(see Figs. 4 and 5) arises from the hyperfine splittings superimposed on each M level.
To avoid transferring the larger errors associated with least squares fits of the coarser
M ; 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, transitions which are free from all
effects caused by the proton nuciear spin.

Hamiltonion 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 hyperfine Hamiltonian 4. obtained by
adding the last term in Eq. (4) to Eq. (5).

%in = +al,L+ 1-S + cI.S, + 3d[L 2. S, + LS ] — grualzH.  (20)

Nonvanishing matrix elements of this operator satisfy the selection rule AM, = AM;
+ AM, = 0.

We consider matrix elements of JCis in a basis set which includes spin-rotational
effects together with first-order magnetic field corrections, as defined by the equation

|FuN); My, M5 &) = [|FuN), M1) + «|Fasi(N), Ms)]|1, My). (21)

The subscripts tand 3 — ¢, where ¢ = 1 or 2, are simply a convenient shorthand notation
for indicating Fy(N) and F.(V) levels. The quantities |F,(¥), M) are rotational
wavefunctions obtained from Egs. (1) and (3) for 4 = 2B and D = 0, as given in
Egs. (9). The small coefficients ¢, which are functions of 1, NV, M,, and H, result from
first-order magnetic-field mixing of the two states separated by an energy of order B/N.

¢ = (Foo(N), Ms|Rm, Fi(N), M1)/[FiN) = Fai(N)]. (22)

In addition to the approximations made above in defining the basis set, we consider
matrix elements of 3Ci, only between M; and M, components of a given perturbed
F(N) level on the left of Eq. (21).

The simplest hyperfine splitting patterns are obtained from Egs. (20-21) in the
“high field limit,” which occurs when the Zeeman splittings between different M,
levels of a given (¥, J) rotational state are large compared to the hyperfine interaction
energies. Under these circumstances, only AM; = 0 matrix elements of 3. need be
considered, and we obtain for the hyperfine contribution to the energy of the state
|Fo(N); M1, Ms; ) ~

Exn = BMiM; + RHM[1 — M /(N + })¥] — guaM:H, (23)

where 4 is given for F(N) in Egs. (13) and %, which is independent of M; and M,
may be evaluated for F(V) using the simple product basis set.

k= 2¢{{T, Mt (Fami(N), M ;| Bha| Fi(N), M) |1, M1)}/
(HM 1 - M2/ (N + D). (24)

The high-field-limit expression (23) is valid when J > 4 and H is greater than a few
hundred gauss.

Table I indicates that g is very small for J = 4. Consequently, for the magnetic
fields used in this work Zeeman splittings within the J = } state are never large com-
pared to the hyperfine energies. Under these circumstances, both AM; =0 and
AM; = 41 matrix elements of 3Ca, in the basis set (21) must be considered. We find
thatwhen Mr = My 4+ M, = =1lintheJ = } state, the hyperfine energy contribution
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is still given by Eq. (23). When Mr = 0, the two possible states (i.e., M = — M
= =+3%) interact, and a 2 X 2 matrix of the operator

HKnn + (Jcma)eu (25)

in the basis set (21) must be considered. Diagonal matrix elements of 3Cx. are given by
Eq. (23); oH-diagonal elements have the value +3%k. Matrix elements of the effective
magnetic Hamiltonian (3Cme)es, Which are introduced only to take account of the
Zeeman splitting of the M; = =% levels in the absence of hyperfine interactions, are
diagonal in M s and can be represented phenomenologically by the expression

—[(gs)ea + fHJusMH, (26)

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

Epn = —th = }{H + [(g)enwn + funH? — guua+ 81/9THYL (27)

Least-Squares Equations

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

AH=HM/,, M, My = +%)— HM,, M, My = —1)
= (—KMJS + KM, ~ RE[ — (M7 (N + D]
+ EVH[1 — (M) (N" + $)2]}/[9E'/0H — 0E"/0H], (28)

where the dE/3H represent derivatives of the magnetic energies £(H) of Eq. (17)
evaluated at the center of the hyperfine doublet. These derivatives are determined from
fits of the M, structure (Section IV), and are not allowed to vary in a hyperfine fit.
Least squares fits of the hyperfine structure when J'* > # were carried out by minimizing
the squares of (AH,,, — AH,) with respect to variation of one or more of the param-
eters 4, k', A"/, and k"' in Eq. (28).

When J” = 4, 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 AM1 = 0), and a somewhat more complicated fitting procedure must be
adopted. For a small region about some central magnetic field Hy, i.e., for the region
containing some hyperfine pattern, one can parameterize the magnetic field positions
H(M/, M, ; M{", M;") of the hyperfine components as follows,

HM/, M, 3", M) = Ho(My') — [Es— E'u)/TOE/3H — 0" /98] (29)

M, is assumed fixed in this expression; M,’, M;"” and M ;" all take on the possible
values 4. E's, is the hyperfine energy of a J' = § level and is given by Eq. (23);
E"\a Is the hyperfine energy of a J'' = 4 level and is given by Egs. (23) plus (26) or by
Eq. (27). The derivatives 9E'/6H and 9E'/9H, which represent dE'(H, M,')/oH
at § = H, and }[3E"(H, M;" = +1)/0H + 3E"(H, M," = —3)/9H] at H = H,,
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respectively, as obtained from the M, fit to Eq. (18), are not allowed to vary here.
Least squares fits of the hyperfine structure of the J' = 3 «— J" = } transitions were
carried out by minimizing the squares of Hope — H (M, M;'; My, M ;") with respect
to variation of one or more of the parameters Ho, /', k', (gs")en, /', #'', and k" in
Eq. (29).

It can be seen after some reflection that the value of Ag,”’ required for the J' = 3
«— J'" =% M, fits to Eq. (18) can be obtained from the parameter (g;"').q determined
from the J' = § « J'' = } hyperfine structure fits using the relation

(87 )ea = (g57) + 887, (30)
where (g;'") for 7' = } is defined in Egs. (11).

Analysis of the J' = } «— J"" = § Hyperfine Structure

We begin the hyperfine analysis with the J' = 3 « J" = } 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 AM; = 0
requires the strongest component to be a transition involving a J'' = 4 level with
M;" = =1, as described by Eq. (23), and the two weaker components to be transitions
involving J" = } levels with M " = 0, as described by the two roots in Eq. (27).

Table II presents all hyperfine measurements and assignments obtained for the
J' = 3«=J'" = } 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 J”' = } level is described by
Eq. (23), values for both My and M ;" are given. When the J'' = } level is described
by Eq. (27), and is therefore a mixture of M;” = —M," = +3} 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" = } molecular transitions (e.g., F1.(1)
— Fy,(1), v = 0) displays six high-field (|M'| = %) and three low-field ({M,/| = 1)
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 H, 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 ', &', (gs")ea, ' #”', and "’ 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 II.

Assignment of the spectra to r = 0.and 2 = 1 vihrational levels is consistent with the
expectation that v = 0 transitions will be much stronger than » = 1 transitions, and
that molecular parameters from analogous v = 0 and v = 1 spectra will be nearly
identical. (Relative intensity estimates of about 0.06 for the ratio of corresponding
v =1 and v = C lines indicate a vibrational temperature somewhat above 1000°C.)
It can be shown from the large change in B value with vibrational state ({), and from
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TABLE VI

Parameters* from Least Squares Fits of the Hyperfine Structure

b
Frel) = Faelt)

b
Frelt) = Fauth)

]
Frplh) = Fael)

®
Frelt) = Fpplld

vsQ vl ve0 vel
e (6)° 0.7 9.8 0.4 0.7
» (iz}? S11.06(43)  +12.26(48)  -11.70(33)  +14.99(33) +0.78(20)  +71.56(16)  -1.96(43)  +88.63(29)
© pzseld -0.13(8) +0.19(8) -0.15(29)  +0.13(29) -0.18(2)  +0.10(3) -0.23(3)  -0.01(S)
e -0.12 .0.17 -0.12 +0.17 -0.17 «0.12 -0.17 +0.12
\(gJ')."d -0.00430(5) -0.00423(5) +0.00087(5) +0.00070(8)
roa10® {u6)"° -0.0023(2) -0.0013(3) -0.0022(3) -0.0015(4)
. f f ¢ I
1 [ue] L1 LR [x6) aE/N "y [x6) /3 LA [xG) €/ Ny (1)) H 721
567.9 -1/ 15.8670(4) -0.5189 13.0061(3)  -0.527¢ 8.3582(2)  -0.5628 6.0308(3) -0.5672
567.9 -3/2  4.3275(4)  -1.5018 4.0932(4)  -1.7819 2.6865(2) -1.8173 1.9577(4)  -1.7954
s61.3 %1729 4.4903(1)  -0.5809 1.7992(3) -0.5882 2.2320(2) +0.6193 4.4745(4)  +0.6235
561.3 %3725 1.4683(5) -1.809! 0.5668(4)  -1.7892 0.7516(2)  +1.8248 - +1.8027
$54.4 +1/2  5.4A65(4)  +0.6393 9.0259(3)  +0.6456 12.5617(2)  +0.6737 14.7382(3)  +0.6773
s54.4 =W2  2.2000(4)  +1.8167 11221(3)  *1.7969 4.4031(2)  «1.8220 $.2135(4)  +1.8102
£ - F 2" i (3 - Fo(2" P2 - f )t Fpl2) = £ )
le le 11 K4 Te le 1f 1f
o (6)° 0.3 0.4 0.0 0.1
» (mer]? -8.89019)  -10.23(200  -3.547)  -a.z0e)  -v0.z2M -3.93(2) zor sroa(n
v De/a6)® -0.25(5) -0.07(4) -0.71(3) -0.48(3) -a.07228  +0.02(0) -c.ea132) 0.38(1)
e -0.42 -0.28 -0.65 -0.43 -0.12 RY

b numpers in parentheses Indicate one standard deviation of the last digit(s) given, as obtained from the least squares
program.

% Data and Observed-minus-Calculated values in Table II.

€ Standard ceviation af the f1t.

¢ moleculer comstants appeering i Egs. (23) or (27).
right.

* From £q. (24) and the Frosch and Faley parameters in Tadle VII.

! The value of (3€°/3% - 2E*/3H) 1n {MN2/G] at the center of the Ryperfine structure characterized by the laser Iine,

This value is obtained from the NJ fits and

Fits carried out using Eq. (29).

Upper state constants on the left. lower ttate COnstants on the

ugper ttite quantus number NJ', and magnetic figld Indicated at the left.
ts not allowed to vary in the hyperfine fits.

The - 31gn 13 to be used for the F,_ =~ Fo transttions, the + sign for the F - Fo transttions.

Dats and Opserved-winus-Calcuiatad values for the simultaneously fit 118.6 um and !118.8 um hyperfine splittings for
this tremsition are Given in Table [1l. Fits were carrted out uting £q. (28).

Dats and Observed-minus-Calculated values i1n Table []]. Fits using Eq. (28).

Fiaed st the value obtatned in the correspanding Fl(l) - FI(Z) fit.

» o

the 20 kG tuning range of our spectrometer, that only the F (1) «= F2(1) transition in
Fig. 1 permits cbservation of v = 1 and v = 0 spectra with the same laser line.

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

HM,; M;") = H(M;") — [(gs")ea + f"H JusM ,'H/[3E'/3H — 3E"/3H]. (31)
Values for H(M ', M ;") calculated from Eq. (31) are given in Table IL
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Analysis of the Hyperfine Structure in Transitions with J'' >3

Hyperfine splittings in transitions with J* > $ all correspond to the high field limit.
Table VI thus contains hyperfine parameters obtained from these transitions by fitting
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 III 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
(J + 1« J) transition match the signs of upper state constants determined from the
corresponding (J « J — 1) transition. Absolute signs for the hyperfine constants were
unambiguously established from the fits of the (3 « %) transitions.

The larger number of hyperfine splittings available for the (3+—3%) transitions
permitted a least squares determination of the constants k and % in Eq. (28) for both
the upper and lower state. The smaller number of hyperfine splittings for the (3 «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 = § constants set equal to values
obtained in the ( < §) fits.

Frosch and Foley Parameters

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

TABLE VII
CH Hyperfine Parameters in {[MHz]

a 1]

State J hobs "ulc Froseh and Foley Parameters®
Foell 112 ~13.26 NER) this work®'® Levy and Hinze®
FZf“) 172 *71.56 +71.48 a +52(2) +(54 to 63)
F““) 3/2  -11.06, -9.93 -10.60 b -74(3) -{62 to 82)
Figll) 372 +0.78, +1.08 «1.03 c  +52(7) +{53 to 61)
F‘e(ZJ 5/2 -10.23 ~10.45 4 +43.6(4) +43.48
Figl2) 872 '-3.20 -2.98

Fu(]) /2 -8.89 -8.97

F”(J) 2 -1.51 -3.43

% yalues from Tadle V1. For use in Eq. {142) in the absence of a
magnetic field.

P From a Teast squares fit to Egs. (13). with standard deviation
o = 0.4 MH2.

€ Defined in reference {13).

4 Numbers in parentheses represent one standard deviation of the

last digit, as obtained from the lesst squares program.

¢ Reference (16): a, b and ¢ from ab initic calculations; 4 from
TRE104STronOmy messurements.
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Foley parameters g, b, ¢, and d (13) and Eqs. (13). Values for g, b, ¢, and d, as well as
back-calculated values for & (i.e., k), are also given in Table VII. It can be seen that
the values of g, b, ¢, and 4 determined here agree well with values determined by Levy
and Hinze (16) from a combination of radioastronomy measurement and ab initio
calculation.

Once the parameters g, b, ¢, and 4 have been determined from fits of the values for the
zero-field coupling constants 4 to Eqs. (13), it is possible to use Egs. (22) and (24) to
calculate values for the coefficient % of the magnetic field correction term in Eqgs. (23)
and (27). These calculated values for % 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 VIL

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 4, B, and D for CH. We
prefer instead to wait for more extensive data on the three newly observed transitions
shown in fig. 1 (including observations with additional laser lines), since a thorough
analysis of such data will provide five well-determined rotational intervals and an
internal check.

Similar remarks can be made concerning refinement of the A-doubling parameters
p and ¢. These exhibit a somewhat larger than expected dependence on the quantum
number J (2), and more information, particularly for F,(iV) 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
differences with the radioastronomy value (4) for the J = } interval.

The hyperfine parameters g, b, ¢, and d determined in the present work must be given
significantly larger uncertainties than the 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 (/6), but the good agreement between the two sets of param-
eters certainly represents an experimental confirmation of the theoretical results.

The A-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 %10 MHz. Future searches could
thus be carried out at: (i) 0.710 GHz for the F,(1) state lying at a thermal excitation
energy above the J = 1 state equivalent to 26 K; (ii) at 4.857 GHz for the F(2) state
lying at an energy above J = 4 equivalent to 105 K; or (iii) at 11.269 GHz for the
F\(3) state at 227 K. Unfortunately, the present work does not yield an experimental
determination of the 7 GHz splitting of the Fj(2) state lying at an excitation energy
above J = 4 equivalent to 96 K.
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