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Measurement of Methane Hyperfine Structure Using Laser Saturated Absorption

J. L. Hall* and C. Bordét
Joint Institute for Labovatory Astrophysics, National Buveau of Standavds and Univevsity of Colovado,
Boulder, Colovado 80302
(Received 17 April 1973)

With optical resolution above 10'°, we study hyperfine structure in the methane vibra-
tion~rotation line at 3.39 um. Doppler-generated crossing resonances were observed in
addition to the resolved AF=0 and —1 lines. Splittings in both ground and excited states
were determined. Differential saturation of such hyperfine structure will lead to an in-
tensity-dependent shift in many molecularly stabilized lasers.

Fine structure in the methane spectrum has
been investigated both theoretically and experi-
mentally for some time."”? Recently the magnetic
hyperfine structure has become of interest, and
transitions within the ground vibrational level
have been studied.® In addition, for the last sev-
eral years the infrared spectrum of methane has
been actively studied for its possible application
as a wavelength /frequency standard.*® Studies
in this laboratory® have shown that at low pres-
sures the primary broadening mechanism for
these saturated-absorption experiments is the
molecule’s finite residence time in the radiation
field. Here we report studies of the methane hy-
perfine structure using a 5-cm-diam laser beam
and a working resolution of about 6 kHz (1.5
x10'%). As this experiment is thought to repre-
sent the highest resolution yet achieved in coher-
ent spectroscopy, we briefly discuss some exper-
imental considerations.

The experimental principle of frequency offset-
locked saturation spectroscopy is similar to that
previously employed by us,*® whereby the re-
markable stability® of a reference laser servo
stabilized to methane is transferred to a high-
power laser through the use of frequency /phase-
control servo electronics. The output of the pow-

er laser passes through an external 13-m-long
absorption cell containing *CH, and is retrore-
flected at the far end as required to produce the
saturated-absorption peak. The return beam is
finally steered away from the laser and into the
cooled InSb photoreceiver by a MgF, Rochon
prism. Additional isolation is provided by two
45° yttrium-iron-garnet Faraday isolators. Fur-
ther details and frequency-stability results may
be found in Ref. 6. Basically we generate a pre-
cise and stable correspondence between signal-
averager channel number and absolute optical
frequency. This long-term stability” is absolute-
ly essential: The low frequency portion of Fig. 1
represents about 12 h integration!

Since the goal of these experiments is to mini-
mize the uncertainty-principle broadening of the
observed resonances and thus to maximize the
resolution, we must require a coherent interac-
tion during the entire transverse molecular flight
across the 5-cm cell aperture. Equivalently
stated, we must avoid excessive angular content
of the radiation beyond that implied by diffraction
from the (apodized) finite spatial extension of the
laser spot—the larger angular content broadens
the resonances through residual Doppler effect.
Thus in the cell the wave-front radius of curva-

1101



VoLuME 30, NUMBER 22

PHYSICAL REVIEW LETTERS

28 MaAy 1973

DERIVATIVE SIGNAL (ARBITRARY UNITS)

1 1 |TJII 1

Pl

L

-120 -100 -80 -60

!
-40 -20* 0 20 40

KILOHERTZ DETUNING FROM REFERENCE LASER

FIG. 1. Composite saturated-absorption hyperfine spectrum: experimental data and least-squares fit (solid
curves). T=T7°K. Main triplet: methane pressure 70 uTorr, modulation 2 kHz peak-to-peak at 600 Hz. Fitted
Lorentz width, 5.8 kHz. Low-frequency spectrum taken at lower resolution, ~9.8 kHz.

ture must exceed 1 km. The duality of transit-
time /angular-content effects in nonlinear spec-
troscopy has been explored.®

The laser is 1.4 m long and uses rf excitation
on the 3.5-mm-bore discharge tube. Although the
laser emits single-frequency power in excess of
15 mW, it is found that only about 4 mW can be
projected into one free-space spatial mode. The
successive reflective telescopes expand the beam
by a factor of 25 to a 25-mm mode radius thus
overfilling the cell aperture. The total power
loss is severe: Only about 500 uW enter the cell
and only about 100 uW return to the detector.

The cell has been constructed of stainless steel
with double walls and is surrounded with thermal
insulation. Thus, we are able to reduce the meth-
ane average transverse velocity by a factor of
about 2 through refrigeration of the cell to 7T7°K.
The observed resolution increase is not quite
proportionate because of additional broadening
mechanisms such as pressure broadening, possi-
ble recoil structure,® second-order Doppler
broadening, residual Zeeman effect after cancel-
ation of the horizontal component of Earth’s field,
and natural lifetime, to which modulation and
saturation broadening must be added. Even so,
the structure is well resolved at room tempera-
ture, and at 77°K a resolution of 5.6 kHz half
width at half-maximum (HWHM) was obtained.

In Fig. 1 we show a typical spectrum observed
at 77K for the methane F,® component®® at
33922.31376(12) 10 cm in the P(7) line of
the v, band.® The spectrum is seen to exhibit
(a) three strong lines, of similar but not equal
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strengths; and (b) one weaker, broader “line”
and two additional very weak lines (as shown in
the 15X magnified left portion of the figure) all
on the red side of the three main lines. The in-
tensity ratios are approximately 1:%:(%)?. The
two levels of the observed F,® transition have a
total nuclear spin /=1. Thus, there are three
combinations to be formed coupling Tand J to
form F=T+J. Corresponding to J="7 in the
ground state, the F levels will be 6, 7, and 8.
The vibrationally excited state, of J=6, will have
F=5 6, and 7.

The hyperfine structure studied here results
from three magnetic interaction terms in the
Hamiltonian®: a scalar and a tensor spin-rota -
tion interaction, and a spin-spin interaction be-
tween the protons. For our transition the scalar
spin-rotation term gives the major contribution,
especially in the excited state. The resulting en-
ergy levels are indicated in Fig. 2.

From the theory of relative intensities of multi-
plet components'! we expect three main diagonal
lines AF = AJ= -1 with intensities which increase
with F. Thus, we are able to assign our high-
frequency absorption line as (J, F)=(7, 8) =(6, 7).
The central line is the 7—6 and the low-frequen-
cy main component is 6 -5. These strong transi-
tions are indicated in Fig. 2 and correspond to
the “selection” rule AF=AJ=~1. Besides these
lines one expects two much weaker lines of AF
=0, which are indicated on the low-frequency
side of the spectrum of Fig. 1.}2 In addition to
these usual components, saturated-absorption
spectroscopy provides a new resonance each time
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FIG. 2. Methane hyperfine-energy-level diagram.
See text for values. The unobserved AF=+1 line and
its crossings are not illustrated.

two transitions share a common level.’® These
Doppler-generated level crossings occur at a
frequency halfway between the two usual transi-
tions and have an intensity proportional to the
geometrical mean of the two parent lines.

One of the two assignments of the AF=0 pair
leads to four overlapping crossing resonances
(upper arrows in Fig. 1 indicate centers) which
reproduce the observed spectrum near — 38 kHz.
The positions of the two crossing resonances us-
ing the AF =+1 line are marked with lower ar-
rows in Fig. 1, but the intensity of these reso-
nances is too small to be observed at present.

The three main lines of Fig. 1 have been least-
squares fitted with partially overlapping Lorentz-
ian resonances, with the following result for cen-
ter frequencies (in kilohertz): f(8=T)=+9.70
+0.10; f(7-6)=-1.70+0.10; f(6~5)=-12.80
+0.10. The AF =0 lines were less well defined
because of much lower signal-to-noise ratio and
consequent choice of operating resolution. The
results were f(6—6)=~72.0x 1.5 and f(7—="17)
=-=91.2+1.5.

Referencing the 7~ 6 transition as

v, =88.376 181 627(50) THz,

we find the energy levels of Fig. 2 to be E(v,, F)
=E(1,5)=v,+59.2kHz; E(1,6)=y,+0; E(1,7)

=1, —89.5kHz and E(0, 6)=0+70.3 kHz; E(0,7)
=0+0; E(0,8)=0-100.9 kHz. The uncertainty of
the intervals is +1.5 kHz. Thus, we have shown
for the first time sufficiently high optical resolu-
tion and sensitivity to elucidate completely the
hyperfine spectrum of both the ground and vibra-

tionally excited states. It should be noted that
the vibrationally excited states are not accessible
with conventional molecular-beam techniques,
because of the unfavorable Boltzmann factor
(about 10 7).

The Hamiltonian which describes this structure
has been presented by Yi, Ozier, and Ramsey,®
and was used successfully to account for the tran-
sitions observed in their molecular beam experi-
ments. Diagonalization of such a Hamiltonian un-
der 7, symmetry is somewhat unpleasant in view
of the large number of states involved. Of course
group theory and Racah algebra may be used to
simplify the results considerably. But it is per-
haps more attractive to take advantage of the
computational power now available. Dr. J. Hou-
gen of the National Bureau of Standards, Gaithers-
burg, Maryland, has been kind enough to use his
computer programs to evaluate the ground-state
energies of interest here, using as input data the
three constants given by Yi, Ozier, and Ram-
sey.® The values obtained by Hougen are as fol-
lows: F=6at +86.3 kHz, F=Tat +17.9 kHz, and
F=8at —81.8kHz."* Thus, the intervals as de-
fined in Fig. 2 become A =68.4 and B=-99.7 kHz,
compared with our experimental values of 70.3
+1.5and -100.9£1.5 kHz, respectively. These
must be regarded as being in complete agree-
ment, since the input data to the hyperfine-ener-
gy calculation have uncertainties of the same
fractional magnitude as the 3% difference, not to
mention our experimental uncertainty ~2%. Thus,
the ground-state hyperfine energy, even of tetra-
hedral methane, now appears to be totally calcu-
lable from the known magnetic splitting constants.
It would clearly be of interest to extend this kind
of study to other Coriolis components within the
J =T manifold. The E component at — 3.0 GHz
may be readily reached by Zeeman tuning the
helium-neon laser, as shown by Shimoda and by
Gerritsen and Heller. Although this line has
multiplicity 2 from group-theoretic arguments,
it corresponds to nuclear spin /=0 and conse-
quently is free from hyperfine structure of the
type studied in this paper. Estimates of its sec-
ond-order hyperfine splitting range around 30
Hz, whereas the inversion frequency is estimated
to be lower than 1 per day.’® Thus, the E line
may be particularly attractive for quantum fre-
quency-standards applications. It is a lucky ac-
cident that the magnetic field required (1.9 kG)
to tune the neon is readily available with perma -
nent magnets. On the other hand, the study of
tetrahedral hyperfine interactions can be pursued
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by the use of larger magnetic fields on the neon,
approximately 3.76 kG to reach the A component
(I=2), and approximately 4.65 kG to reach the
F,(I=1) transitions. We have observed the E and
A transition resonances and, with the introduc-
tion of superconducting solenoids for atomic la-
sers,'® presumably all six Coriolis components
will soon be observed. Thus, in the near future
it should be possible to test completely our un-
derstanding of the hyperfine coupling schemes in
tetrahedral molecules such as methane. Using
the frequency control methods discussed above
and larger apertures (30 cm) it should be possi-
ble to observe the recoil effect on the sautrated-
absorption resonance that should result in a dou-
blet with a splitting of 2.4 kHz.°

We note that with increasing intensity the three
allowed transitions will saturate differentially
and before the crossing signals. Thus under low-
er resolution (Av= 10 kHz) an intensity-dependent
“center” frequency will be observed.*!” Numeri-
cal synthesis gives an estimated fractional red
shift of 1072 for 10% intensity increase for our
present reference device (Av =50 kHz) at its usu-
al operating point. We note that reported fre-
quency-reproducibility results of Bagaev and
Chebotayev!'® would require an intensity resetabil -
ity of 0.2%.
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