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ULTRAHIGH RESOLUTION SATURATED ABSORPTION mmmnﬂwomnowﬂa

Ch. Bordé! and J. L. ma11¥
Joint Institute for Laboratory Astrophysics
National Bureau of Standards and University of Colorado

Boulder, Colorado 80302

In this paper we report our progress in the search for super
narrow lines, our present state of the art in the line shrinking
business and what looks like the way towards still higher resolu-
tion based on our current knowledge of the broadening mechanisms.

it is conventional wisdom that the natural linewidth is the
only fundamental limit to ultrahigh reseolution in saturated absorp-
tion spectroscopy., Still it appeared that an actual experimental
attempt to achieve such ultrahigh resolution might teach us about
some other realistic limitations.

The test molecule we chose was, of course, methane., Its
narrow natural linewidth (<100 Hz)! and easy wavelength coincidence?
‘with the He-Ne laser at 3.39 um have been noted before. The high
resolution potential has motivated development of several appro-
priate laser devices for such a study, Actually methane may not
be the most favorable case for obtaining very narrow lines because
it is a light molecule, but it has remarkable features:

(1) It shows a well resolved magnetic hyperfine mnncnnﬁﬂm.w

providing an unambiguous natural frequency scale.

(2) Precisely because it is a light molecule, it helps the

study and the understanding of all the broadening factors

*Contribution of National Bureau of Standards, not subject to copy-
right.

4m=vﬁonnma by CHEG; also NATG Fellow, 1973,

*mﬂmmm wember, National Bureau of Standards, Boulder, Colerado.
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128 CH. BORDE AND J. L, HALL

A "solid ingot" local oscillator laser, phase locked 5 MHz red
from the methane line, provides the (offset) output frequency of
the reference system. Finally, the power laser is phase locked
relative to the stable local oscillator using a tunable frequency
offset to scan the studied line. To achieve this controlled tuning,
the beat frequency between the last two lasers can be varied by
digital request to a frequency synthesizer which is in this second
heterodyne offset loop. Thus one has both frequency stepping capa-
bility and very high frequency stability, along with a natural and
stable correspondence being made between offset frequency and
channel number of the signal averager.

The power laser's frequency stability is approximately
3 x HolwmA|H\~ for an averaging time T in the range 1077 < 1 < 107
sec. At shorter times the noise is characterized by a linewidth
which we estimate to be about 500 Hz. At longer times the frequency
stability fails to improve beyond 3 x 107!* (3Hz rms) for
102 < 1 < 10% sec, due to changes in the systematic errors which
limit the present reproducibility te about + 300 Hz. We think
those offsets are partly due to the intensity-dependent shifts to
be discussed later.

Let us come now to the k distribution. We want it as narrow
as possible. Because of diffraction, te obtain a narrow angular
distribution we want the beam diameter as big as possible. An
appropriate Fourier transformation relates the twe corresponding
widths. We may write

Ak Ax =1 |,
1

where Ax will be taken as the beam waist radius. Thus we calculate,
using Eq. (1}, a residual Doppler broadening due to the transverse

velocity
Aw = Ak v = Pa. diffraction .
—L - w
o]
We can equivalently understand this broadening as due to the finite
transit time of the molecule flying across the beam:

Aw = 1.y transit time .

At w
5 o

So with either approach, the linewidth times the beam radius is

expected to be a constant having the dimensions of a velocity: we

write

Av Xxw. =%k .

This relation is illustrated on Fig. 2. For methane we find
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GEOMETRICAL LINEWIDTH SCALING
IN METHANE SATURATED ABSORPTION EXTERNAL CELL

av-w,= L y28, = 70 kHz mm
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nitrogen narrows the lines by about a factor of two. In our last
experiment two successive reflective telescopes were used to expand
the beam by a factor of 42. However, due to imperfect cell straight-
ness, the effective beam had an 18 mm mode radius, which gives us

about 4 kHz contribution to the linewidth at room temperature.

In the pursuit of narrow saturation resonances we must also
beware of wave front deviations from the ideal beam considered
above: Of course there are many ways that laser beams can have
more angular content than is imposed by their fundamental diffrac-
tion limit. One can easily observe such effects as back surface
reflections in mirrors, imaging aberrations, beam deformation by
the air path, and non-ideal output mode structure of the laser.
Similarly the retroreflected probe must be parallel, colinear and
have matched (planar) wavefronts. To achieve this alignment condi-
tion, we use a "cat's eye" retroreflector as illustrated in Fig. 1.
The 100 uW return beam is steered te the detector by polarization
optics: a Faraday rotator (45° YIG) and a Rechon prism comprise
this optical directional coupler. The cell has a 5 cm diameter, is
13 m long and filled with CH, at pressures around 100 uTorr or less.
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experimental data x, least-squares

yperfine spectrum:

Main triplet

Compesite saturated absorption h

Figure 4.

modulation 2 kHz peak-

Low frequency spectrum taken

¢ methane pressure 70 pTorr,

T = 77°K.

to-peak at 600 Hz.

fit

5.8 kHz HWHM.

The unobserved 4

Fitted Lorentz width

F = +1 line and its crossings are

at lower resolution, ~9.8kHz HWHM,
not illustrated on the energy level diagram.
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With this interpretation we find the values of the energy
intervals given in Table I. The experimental values have an uncer-
tainty of + 1.5 kHz arising primarily from measurement of the weak
lines. These experimental values are to be compared with those
recently calculated by Jon mo:mmus.m: for the ground state, using
the constants derived from the magnetic resonance experiments by
Yi, Ozier and wmammw.pm The agreement is just within the uncer-
tainties of both experiments. As pointed out by Dr. Hougen, ! 1t
is not obvious that the agreement should be any better: the hyper-
fine coupling constant may be J dependent because of the centrifu-
gal distortion of the melecule. This experiment also demonstrates
that one can have access to knowledge of the hyperfine splittings
of a vibrationally excited state.

The least-squares fit of the main components in the spectrum
of Fig. 4 gave us a linewidth HWHM equal to 5.8 kHz, Recently, this
was a typical result for a room temperature spectrum. To account
for the linewidth, we must consider effects omitted in Eqs. (1)
which are no longer negligible. These are the second-order Doppler
shift and the recoil effect. Both come out of a proper relativistic
energy and momentum balance. In the laboratory frame we may write

L 22 2 2 _ 2 2 2 2
hu = .%_u <+ (McHE) .\mm ¢ + (Mc +mmv
2)

hik -b -a

i
g
i
o

Here let the "b" subscript refer to the upper level. An expansion
to the order 1/c? yields shifted absorption and emission resonance
frequencies

2 2
w . S +kv o mw 4 Tup
absorption o - -a o, 2 2
2c 2Me
(3
2 2
w us+r.<|skr.|,ms .
emission o —--b o mnm NZnN

Table I. Energy level differences illustrated in Fig. 4.

Level Interval mxnmﬂnsmsn* Caleulation® pure Ca mrm%
v. =1 a 59.2 kHz 62.4 kHz
‘3 b 89.5 72.8
v. =0 A 70.3 68.4 kHz 72.8

3 B 100.9 99.7 83.2
*Ref. 3 TRef. 14 ¥calculated using Ca = 10.4 KHz (Ref. 15)
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converged, giving a mm\w.m height ratio and a splitting of (2.22+.04)
kHz! Starting the initial height ratio at 10:1 or the splitting at
1/2 or 2 times the preceding value gave convergence to the same

KRN

I@u.l final splitting. The doublet fit reduced the variance of the resi~
e duals from 2.9 times the expected white noise variance to only 1.26
o g times this value. Figure 7 shows the doublet fit to the data of

m Fig. 6. -
s ) Two other high resolution data sets were available. Fits to
m < i o both were also significantly improved, and converged to doublet
i - e~nd 2 splittings of (2.03 + .05)kHz and (2.20 % .02)kHz with height
Pt ratios of 60/40 and 51/49. The low frequency peak intensity ia
3 390+ § favored above 50/50 by 3, 5 and 1 standard deviations in rhe three
m N o - cases. All these quoted errors are on a "one standard deviation"
- m m.ﬂ . A basis and contain no allowance for systematic effects. We conclude
o3 FLER 8 that our best data like a doublet représentation but that an incre-
m m .uq..umﬂmm e ment in resolution will be neceasary to remove all doubts.
1 Sl —
B =@ a B
m n._% DT o To make a comparison with conventional spectroscopy, the
Tw £ .MCa.ﬂC B present linewidth is 3 kHz, which corresponds to 10”7 wave numbers.
o2 oxer =2 We have thus demonstrated at 3000 wave numbers a resolving pawer of
Pop geod o 2.4 x Hopo. where we understand zero second derivative as the
g Yoy H resolution condition.
8 i~ az - o
& [ Y o] -~ s
m w2y, - Since we have achieved the diameter-scaling linewidth contri-
P! m S« mi o bution (1.9 kHz) at liquid nitrogen temperature, it is interesting
g = SEFF m to estimate the other linewidth contributions:
b = [ = R
[ = L=
m o3 P 1) natural linewidth <100 Hz
v Ie]
. memm a 2} second-order Doppler broadening =100 Hz
2 a9 ¥ a
m n_.f“r..% “ 3) pressure broadening at 30 pTorr =300 Hz
[T 1Y)
: S5=9T g 4) residual earth's field Zeeman +100 Hz
4 3 & 9932 m broadening
Y 2 .o
“, m JioRo = 5) saturation broadening <200 Hz
“.a B WMNHI - 6) modulation broadening =300 Hz
W
§ ® % 7) laser spectral width =500 Hz
2 53 g2 8 gt et
] 5 3 m i ] 8 5 [ Most of these broadening contributions are resistant to further
E z 4 0 . : b : ¢ ; 3 important reductijons, but it still appears that another major im~

provement can be obtained by increasing the cell aperture. A cell

of 38 cm aperture, 14 m length using internal reflective optics is
NG 1 being prepared. The potential increment in resolution should make

possible a careful study of the line shapes of the two recoil peaks.

It is interesting that if the two-state lifetimes are not equal,

the peak heights of the doublet will be different. A dependence

of the relative strengths of the two lines on experimental param—

£4-90-80 \MPWILHOC
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Since the reference laser at present does not have such an
intensity stabilizer, we were not able to make a reliable measure-
ment of the second-order boppler shift upon cooling the long cell
from room temperature to 77°K. 1In the absence of a proper theory
which relates the signal contribution to the molecular transverse
velocity, it is not obvious what mean velocity to use in the
second-order Doppler term of Eq. (5). In particular, in the
transit-limited domain at low Pressures, we may expect the effec-
tive transverse velocity to increase with the laser power.

In this paper we have discussed the several factors which
iimit our present spectral resolution to 2.4 x 100, Some effects
such as the methane hyperfine structure have been elucidated; the
hyperfine energy splittings of an excited state have been obtained.
With the higher resolution expected in the near future, it should
be interesting to further investigate the recoil structure as well
as the Doppler-generated level~-crossing resonances. Ramsey double
excitation methods may prove an attractive alternative to simple
diameter magnificarion for exceptionally long-lived molecules.
Perhaps storage techniques for ions--eventually neutrals—-can be
used to obtain dramatically lengthened interaction times,
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