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We report the observation of a resonance between hyperfine states, due to the crossing of
rotational ladders at N = 10 of A5, and A;,, spin-doublet states in the excited A 2A state of CH.
Accurate values for the hyperfine constants a, b, and c in the 4 2A state were obtained. From
measurements of the A-doublet splittings we estimate an upper limit to the A doubling in the 4 A

state.

I. INTRODUCTION

The rotational, A-doubling, and hyperfine structure of
the X °IT ground state of the free radical carbon hydride
(CH) have been well established by interstellar’-> and labo-
ratory>* microwave spectroscopy and by laser magnetic res-
onance at far infrared wavelengths.> The rotational struc-
ture of the 4 %A state was known from the optical emission
spectrum of the 4 2A-X *[1 system at A = 430 nm.® Recently
Brazier and Brown* performed high resolution laser spec-
troscopy on the 4 >A<«—X *II transition, using the saturation
technique of intermodulated fluorescence. They were able to
resolve the hyperfine structure in the 4 %A state, due to the
nuclear spin of the proton and they measured hyperfine
splittings in both F; (A;,, state) and F, (A;,, state) ladders
for N=2toN=35.

In the present paper we report the exact hyperfine struc-
ture in the 4 2A state for N up to 14. For N = 10 a hyperfine
resonance was observed: the hyperfine splittings are twice as
large as expected from the hyperfine constants given by Bra-
zier and Brown* and additional lines appeared in the spectra.
The hyperfine perturbations are shown to be caused by a
crossing of F, and F, rotational ladders. Similar perturba-
tions have been observed in electronic = states of VO’ and
could be described by a magnetic hyperfine interaction
between the electron spin multiplet states. A different kind
of hyperfine resonance was observed in the 4 °=* state of
MnO,® where the perturber is a high vibronic state v = 25 of
the electronic ground state X °X+. To our knowledge the
present observation is the first example of a hyperfine reso-
nance within an electronic state that is not of = type.

The A splittings in F; and F, ladders of the 4 ?A state
were derived by Brazier and Brown* from differences of ab-
solute frequencies of 4 2A-X °[I rotational transitions for N
values higher than 6, measured with lower (Doppler limit-
ed) resolution. The accuracy in the experimental values of
these splittings was however rather poor. By measuring fre-
quency separations between Q, , and P, , transitions for (e)
and ( f) A-doublet states we were able to derive sums and
differences of A-doublet splittings in the 4 ?A state for
N =38,9, 12, and 13 for both F, and F, states.

Il. EXPERIMENT

The molecular beam machine, including the CH pro-
duction source and the LIF zone, is the same as used in the
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previous investigation on the high resolution spectrum of the
C 23+« X 1 transition of CH.!' The molecules were excit-
ed by about 5 mW of the reduced output power at 4 = 430
nm of a stabilized dye laser, driven on stilbene pumped by 1,5
W UV power from an Ar-ion laser. The molecular beam was
chopped at 120 Hz and the signal to noise ratio of the CH line
spectra, detected by a lock-in with integration (RC) time 0.3
s, was over 20 also for the higher rotational states. With the
experimental linewidth of 20 MHz the different hyperfine
components were completely resolved. In a second molecu-
lar beam machine NO, molecules were simultaneously de-
tected with a spectral linewidth of 10 MHz. The dense NO,
spectrum contains in average more than one line per GHz
and was used to make overlapping scans of each 25 GHz of
the laser. In this way frequency separations of 200 GHz
could be measured in terms of the calibrated free spectral
ranges (FSR = 149.605 + 0.015 MHz) of a pressure and
temperature stabilized interferometer.'?

lll. HYPERFINE STRUCTURE

The hyperfine splittings of the four lowest rotational
states in both F, and F, ladders of the 4 *A state have been
measured and analyzed by Brazier and Brown.* As a result
they obtained accurate values for the hyperfine parameters
a, b, and ¢ of Frosch and Foley that describe the observed
splittings very well within the experimental error limits. In
the present investigation the high rotational temperature
(T.o; ~800 K) in the molecular CH beam'' and the high
spectral resolution (20 MHz) allowed for accurate measure-
ments of hyperfine splittings up to N = 14. The observed
frequency separations between hyperfine doublet compo-
nents of several lines of Q, , and P, , branches are listed in
Table I. The observed hyperfine doublets contain four tran-
sitions (in the P branches three) between hyperfine states in
X ?I1 and 4 2A of which two (in the Pbranches one) are very
weak. In Table II, and separately for the strongly perturbed
N = 10 states in Table III, the hyperfine splittings of rota-
tional states in F, and F, ladders of 4 *A are given, as derived
from the observed splittings by taking into account the hy-
perfine splitting in the X *II state. Because we did not ob-
serve differences in hyperfine splittings between both parity
states average values were taken, except for the N = 101level,
for reasons given below. In Fig. 1 recorded spectra of both
parity transitions of Q,(10) and Q,(10) are shown. The
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TABLE 1. Observed hyperfine splittings (in MHz) for CH in the 4 2A,
v = 0«X 211, v = O transitions, for (e) and ( f) states.
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TABLE III. Hyperfine splittings (in MHz) in N = 10 rotational states of
A *A for both parity states + and —.

Obs. Splitting Obs. Splitting Measured Calc.
Transition (e) N Splitting Splitting Obs. — Calc.

0,(6) 387.3 4 2.0 362.5 + 2.0 + parity
0,(7) 3852+ 1.5 3617+ 1.5 F=10-F=10  587.6+3.0 589.5 —19
(7 2571+ 15 2782+ 1.5 F=11-F=10 28.6 + 3.0 29.3 —0.7
0,(8) 3850+ 1.5 361.14+2.0 F=10-F=9 56.0 + 4.0 53.9 2.1
:(8) 2548 + 1.5 276.7 + 1.5 — parity
0:(9) 3964 + 1.5 3778+ 1.5 F=10-F=10 591.8 +2.0 589.4 24
2:(9) 240.8 + 2.0 263.8 +2.0 F=11-F=10 24.14+20 25.9 — 1.8
P,(9) 385.8 + 2.0 362.5 + 2.0 F=10-F=9 53.5+ 4.0 50.4 31
P, (9) 2549+ 2.0 276.8 +2.0
0,(10) 590.4 + 2.0 586.3 + 4.5

66.8 + 1.5 50.5+ 2.5
0,(10) 579.5 £ 3.0 590.1 + 4.0

262145 _ _
Q.(11) 318.8 420 302.1 +2.0 that were calculated in first order perturbation theory from
(11 3422+£20 the hyperfine constants of Brazier and Brown.*
A (D Sgi'g i g‘g Sig‘g i ;'8 The hyperfine structure in CH (A4 ?A) is caused by the
P,(11) 5743 1 2.0 587.0 £ 3.0 interaction between the nuclear spin I of the proton and the

14.0 4+ 3.0 net electronic spin S and orbital angular momentum L. The
0,(12) 335.1+2.5 315.6 £2.5 Hamiltonian appropriate for the present investigation is
0,(13) 3426+ 1.5 322.8+2.0
0,(13) 292.6 + 2.0 3248 +2.0
P,(13) 3181320 338.7 4 2.0 Hy=alL+bIS+cLS,. (1
P,(13) 3251425 306.6 + 2.5
Qi(14) 431425 329.5+4.0 Usually this interaction can be considered as a small pertur-
0,(14) 3008 + 1.5 359.9 1 4.0

large frequency separations, the triplet structure, and the
intensity distribution for the @, , (10) lines, that appear also
inthe P, , (11) transition, indicate that there is an irregular-
ity in the hyperfine structure for the N = 10 states. Also the
splittings for N = 7 to N = 14 deviate from expected values

TABLE II. Hyperfine splittings (in MHz) for CH in the 4 %A, v =0, N
states.

State Measured Calculated Obs. — Calc.
FN=2 4480+ 1.5 446.6 1.3*
N=3 4014+ 1.5 398.6 2.7¢
N=4 369.2 + 1.5 373.1 -39
N=5 3592+ 1.5 357.8 1.4*
N=6 3430+ 1.5 348.3 —~53
N=17 3410+ 1.5 343.1 —2.1
N=38 3404 + 1.5 342.8 —24
N=9 3549+ 1.5 355.5 - 0.6
N=11 276.2 + 3.0 274.0 22
N=12 2929 + 1.5 291.0 1.9
N=13 2979+ 1.5 295.2 27
N=14 299.7+ 1.5 296.4 33
FALN=2 159.6 + 1.5 160.2 —0.6*
N=3 183.6 + 1.5 185.3 - 17"
N=4 203.5+ 1.5 202.1 1.4*
N=5 2167+ 1.5 213.2 3.5
N=17 2224415 224.0 - 1.6
N=3§ 22144+ 15 223.3 — 1.9
N=9 208.7 + 1.5 209.9 - 1.2
N=11 289.0+ 3.0 290.5 —15
N=12 27404+ 1.5 273.2 0.8
N=13 268.1 + 1.5 268.8 —0.7
N=14 270.8 + 1.5 267.5 33

2From Ref. 4.

bation with respect to the rotational energy splittings so that
the hyperfine splittings are well explained by calculating
only the matrix elements diagonal in the rotational states. In
this particular case, however, the rotational states of the
2A;,, and ?A;,, ladders approach each other so closely that
their off-diagonal interaction can no longer be neglected.
From molecular constants of the 4 2A state, as derived by
Brazier and Brown® from absolute frequencies of
A?A<X I transitions, a crossing between the ?A;,, and
A5/, ladders within a less than 100 MHz separation is to be
expected at N = 14. Unfortunately the published value of
the spin-rotation coupling constant  was erroneous, due to
a misprint'?; with the correct value ¥ = 0.0422 + 0.0002
cm ™ the crossing is predicted at N = 10 in agreement with
the present experiment. In Fig. 2 the structure of interacting
levels of 2A,, and ?A; , rotational states is represented sche-
matically.

By the hyperfine interaction (1), two levels with the
same F value and parity repel each other when they are close
together. The repelling depends on the hyperfine free energy
difference A | E between ?A;,, and *A;,,

A, E(N)=E_ (Ay,N) — E (As)5,N), (2)

that is positive for N < 10 and negative for N> 10; the sub-
script + indicates parity of A-doublet states.

The rotational eigenfunctions for the 2A state can be
expressed in symmetrized Hund’s case (a) basis functions:

[*Aq JIFMp)
= Cos2 (N [|*A3,JIFM}), +p|*A 3, JIFM;), ]

+ Cosa (D [ 1PAs/JIFM ), +P|2A5/2-’IFMF>a(;’)
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FIG. 1. Observed spectrum for @,(10) and Q,(10) transitions. The sticks represent relative frequency splittings and line intensities of the calculated

spectrum,

where p indicates the symmetry of the electronic wave func-
tion; the mixing coefficients Cy, - (J) are obtained by dia-
gonalizing the rotation matrix of the A 2A state as given in
Eq. (4). On the basis of Slater determinant wave functions'
one can deduce a relation between p and the total parity of
the states. For both Q@ = 3/2 and §2 = 5/2 the reflection op-
erator o,, yields

-1
T 20+ 1)

11

—Cs232 (NCspys, (INWT —3/2) (J+5/2)b ],

—(J+1
M22=—i}i‘le

O [*AqIMp) = p( — )+ V2|?Aq JMp) (4)

so the total parity is p( — )”* /2 In the terminology of Ref.
4 symmetric and antisymmetric wave functions correspond
to (/) and (e) states, respectively.

Matrix elements M, of the hyperfine Hamiltonian H,,
in the representation of Eq. (3) are

[3C% s D{—=2a+ 40+ )} —3CL5, (N{2a + 40+ )}

M, =;2,1“ [3CnU—D{—-2a+4b+)}~3Cps (-1 {2a+ 40+ 0)} (5)

—Cisn = 1)Cip3n (= NI —5/2) J+3/2)b ],

—J
J—1

M44 = M33»

My =Y [Cosps(D)Cose (T — DNETF 37D T=37D) { — 20+ 4(b + )}

2
—Css252 (NCipasyn (J— IN2(J+5/2) (J=5/2){2a + (b + )}
—{C23n NCspps, (T = DNT =572 (T = 372)
—Cipasp (N Cayrsa (T — DT +372) T+ 5/2) } 4426 ],
M, =M,,
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N<10

FIG. 2. Hyperfine interaction between A,,, and A, , states of CH. The up
and down pointing arrows show the repelling of resonant states with equal
quantum numbers. The parities are arbitrarely chosen.

The structure of the matrix is shown schematically in Table
IV. The off-diagonal matrix elements represent the coupling
between hyperfine states with equal F and parity of both
spin-orbit ladders, which cause the irregularity in the hyper-
fine structure. Diagonalization of the matrix in Table IV
yields the perturbed hyperfine splittings. In a least squares fit
incorporating the reported data* of rotational states N = 2
to N = 5 and the present results, we obtained new values for
the a, b, and ¢ hyperfine constants as listed in Table V. Only
the a constant undergoes a change larger than the error lim-
its with respect to the values of Brazier and Brown.* Recent
many-body calculations of hyperfine constants by Kristian-
son and Veseth'® show very good agreement for the ¢ and ¢
constants, while the & constant differs only 10% from the
experimental value. The hyperfine splittings calculated with
these constants are in good agreement with the measured
values as shown in Tables IT and III. In Fig. 3 the resonance
is shown schematically in a plot of perturbed and unper-
turbed hyperfine splittings around N = 10.

For the N = 10 states the strong perturbations are ex-
plained by very small energy separations between the “hy-
perfine free” states. From a least squares fit of the measured
splittings we obtained

TABLE IV. Matrix representation for the hyperfine interaction.

TABLE V. Proton hyperfine constants (in MHz) for the A 2A state of CH.

Present Ref. 4 Ref. 15
a 55.00 + 0.43 57.26 + 0.85 53.91
b 562.68 + 0.79 563.6 +3.4 526.3
c 61.1 +24 61.4 4+ 8.0 61.6

AL E(10) = —61.0 +4.3 MHz,
A_E(10) = —54.0 + 4.8 MHz.

From the unperturbed energy matrix of Ref. 4, we calculated
that the F = 10 hyperfine states would lie as closely as 10
MHz apart; the hyperfine interaction (1) causes the /' = 10
states to be moved from each other over nearly 600 MHz.
The calculated eigenfunctions are completely mixed up and
give rise to stick spectra which are in good agreement with
the measurement as shown in Fig. 1.

IV. A DOUBLING

In several tedious but carefully performed overlapping
continuous scans of 25 GHz each, we measured frequency
separations Av; , between rotational transitions originating
in (e) and ( f) states of @, , and P, , branches for N = 9 and
13. In the overlapping procedure small corrections were
made for the drift of the interferometer during the time that
it took to set the laser at the desired start frequency. The
overlapping points could be determined very accurately be-
cause of the small linewidths (10 MHz) of the NO, lines that
were simultaneously detected by LIF in a second machine
with a highly collimated molecular beam. In this way fre-
quency splittings Av(N) between (e) and ( f) transitions
were obtained in terms of markers of a stabilized interferom-
eter, 2 method that is in principle much more accurate than
trying to deduce A splittings from differences of absolute
wavelengths of (e¢) and ( /) transitions. The errors in the Av
values as listed in Table VI are estimated 30 MHz; all split-
tings were measured by scanning frequency once up and
once down, and the observed values did not differ more than
15 MHz.

TABLE VI. Observed splittings (in MHz) between (e) and ( /) compo-
nents of 4 A transitions. The values under (1) and (u) refer to the lower
and upper component of the resolved hyperfine doublets. The estimated
errors are 30 MHz.

Obs. Splitting Obs. Splitting

Transition [4))] (u)
*Asalp Byl — 1, —p 0,(9) 95297.6 95277.2
P,(9) 95272.5 95 249.2
F=J+1/2 F=J-1/2 F=J-1/2 F=J-3/2 Q:(9) 104 586.6 104 570.2
P,(9) 104 589.8 104 562.6
M,, 0 0 0 Q,(13) 189 277.1 189 259.1
0 M, . M, 0 P,(13) 189 196.0 189 176.4
0 M, My + AE 0 2,(13) 202 084.5 202 054.7
0 0 0 M, + AE P,(13) 202 103.2 202 082.9
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FIG. 3. Observed and calculated hyperfine splittings in the A, and A;, states of CH around the hyperfine resonance at N = 10.

The measured values Av(N) are combinations of A
splittings AA in the X 21 ground state and for a very small
part in the excited 4 2A state:

AVQ: (N) = AA(As/z,N) + AA(Hl/z,N),

A'Vp| (N) = - AA(AS/Z!N—- 1) + AA(H1/29N)’

Asz (N) = AA(A3/2,N) + AA(H3/2,N),

Avp, (N) = — BA(AyN — 1) + AA(IT, 0, N);  (6)
it is assumed that the upper A-doublet levels are of e type in
the F, ladder and of f type in the F, ladder (see below). By
substracting the measured Av values of Table VI,

AVQ] (N) b AVP, (N) = AA(As/z,N) + AA(As/z,N— 1),
A'VQ2 (N) _— AVPZ (N) = AA(Ag/z,N) + AA(A3/2,N —_ 1),
(N
we find the sums of A splittings for successive NV states in
A *A as listed in Table VII.
In comparison with Il states the A doubling in A states is

a very small effect. It originates in the spin-orbit and Coriolis
interaction with nearby lying X states via intermediate Il

TABLE VII. Derived sums of A splittings (in MHz) for the 4 2A state of
CH.

A(A5;212) + A(Agp13) = 819+ 50
A(D3/212) + A(Ay,13) = ~23.54 50
A(As2,8) +A(A59) = 265+50
A(Aslzrs) + A(A3,2,9) = 22450

states. The effect can be taken into account in the rotation
matrix via the introduction of the A doubling parameters p,
and g, for the 4 *A state as deduced by Brazier and Brown.*
By diagonalization we find the approximate expression for
the A-doublet splittings:

AA(As)5N)

=NIN+1) (N +2)[}(p+49) —q(N+ D],
AA(A,)5N)

= —(N-DNWN+D[Pp+49) +gM)]. (8)

In the assumption that the p and g parameters do not differ
by more than an order of magnitude we expect that certainly
for higher N states the e-fordering in the F, and F, ladders is
different. This conclusion can also be drawn from the results
for A | E(10) in the analysis of the hyperfine resonance; the
almost equal values for A, E(10) and A_E(10) indicate
that the N = 10 upper (or lower) states have the same parity
and are thus of different e—f type. From the result for N = 12
and 13in A, we conclude that the upper A-doublet levels of
theetypeinthe F, ladder and consequently of f type in the F,
ladder. We have no explanation for the negative result for
N = 12and 13in?A,,,, although it is not inconsistent in view
of the experimental error of 50 MHz.

Unfortunately the resulting A-doublet splittings are too
small, compared to the errors to deduce the p, and g, A-
doublet constants for the 4 A state. The reason for starting
this part of the experiment was the expectation, from report-
ed constants,* that at N = 13 the A-doublet splittings should
be of the order of 300 MHz. From the present experiment, in
which the experimental accuracy is better, we conclude how-
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ever that the A-doublet splittings for N = 13 are less than 70
MHz, and that the reported values for p, and g, are at least
a factor of 3 too high.

V. CONCLUSION

The observed hyperfine resonance between A, and
A;;, ladders at N = 10 is probably the first of its kind in a
diatomic molecule in a non-Z state. In their investigation of
the perturbation in the X *=~ state of VO, Richards and
Barrow’ state that internal hyperfine perturbations are li-
mited to Hund’s case (b) coupling cases and in particular to
3 states of high multiplicity. The presently observed pertur-
bation occurs however in a ?A state. Indeed the 4 A state of
CH has asmall 4 /B value, so the coupling case is almost case
(b).

The fact that the resonance feature is so pronounced, the
hyperfine structure being so heavily perturbed at NV = 10, isa
consequence of the very small energy difference (about 10
MHz) between F = 10 hyperfine states in F; and F, ladders
when calculated for the unperturbed case. The fact that the
energy splitting between the two spin-orbit ladders at
N = 10is so small ( < 10 MHz) is therefore purely acciden-
tal.

The A doubling in A states is known to be very small.
Until now the only accurate determination of the A doubling
in a A state was carried out for the metastable a 'A state of
NH.' In comparison with NH the A doubling for
CH(A4 %A) is about four times smaller. Even though the A
splittings are proportional with N* they are very small for N
values up to 13. Maybe in the future they might be measured

Ubachs et a/.: The A *A state of CH

more accurately by double resonance techniques in the excit-
ed state.
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