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The wavelength of the 3.39-pm line of methane has been measured with respect to the K P
6057-8, standard by using a frequency-controlled Fabry-Perot interferometer. W e have
exhaustively studied systematic offsets inherent in the experiment, including effects due to
asymmetry of the Kr standard line. Lacking a convention relating the defined Kr wavelength
6057.802 105 8, to observables of the krypton line (e.g., center of gravity or fringe maximum intensity point), we report two methane wavelengths: X, '= 33 922.31404 %, and A=
= 3 3 922.31376 A. Both results have an uncertainty of 6A= il. 2 x 10" 8, or 6A/A= i 3 . 5
x lo4. Multiplication by the frequency measurement of the preceding letter gives the speed
of light, c-= 299 792 456.2 (1.1) m/sec.

The laser-saturated absorption line of methane at 3.39
ym [the P ( 7 ) line of the us band] has been shown to have
remarkable characteristics desired of radiation which
might be used as a standard of length (or frequency).
The Zeeman coefficient is smalla (+ 0.31 pN), and the
transition is free from first-order Stark shift.' Linewidths as narrow as 25 kHz have been achieved. This,
together with the signal-to-noise ratio of several
thousand attainable with laser radiation, results in an
achieved' frequency stability of a few parts in 10".
Line center has been shown' reproducible to better than
lx 10'". The selective-collision process in saturated
absorption results in a pressure shift to broadening
ratio of less than about 1:200 rather than the approxi mately 1:4 produced in van der Waals interactions. With
a half-width half-maximum (HWHM) of 25 W z , the
pressure broadening (of methane by methane) is 10 kHz/
mTorr, and the shift is c 50 Hz/mTorr.
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These properties of the molecule and the saturation
process, together with the laser's high intensity and
spatial coherence, result in the 3.39-ym radiation
having the most accurately measurable wavelength obtained to date. Thus it is of interest to measure the
methane wavelength as accurately as possible in terms
of the international standard of length, the meter, which
is defined by the Kr" orange line at 6057.802105 A.
Long before a consensus emerges on the optimum technical route for redefinition of the meter, we believe the
precision measurement community will find the methane
transition an attractive and useful wavelength reference.
One example of the new precision measurement possibilities is the extension of the range of direct frequency
measurements to the 3.39-ym line. This frequency
value, taken with the presently reported wavelength
determination, results in a definitive value for the
speed of light as reported h e r e and discussed
elsewhere.
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The methane-stabilized laser used in this measurement
had an intracavity methane absorption cell. The 10mTorr pressure of methane in the cell together with the
laser mode radius of 0.75 m m resulted in a saturation
peak with an intensity of 3% of the laser power and a
half-width half-maximum of 300 kHz (1X 1
0
' cm", line
8 of 1 . 4 1~0')). Thus, the desired measurement ac
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curacy of a few parts in 10' for A v / v , which is the
practical limit for the krypton standard, corresponds
to a measurement of methane line center to only within
the line half -width.
The Kr" standard lamp was the type described by
Englehard and Terrien. The tube contained Kreawith a n
isotopic purity of 99.0% quoted by the manufacturer.
The discharge was run with a current density of 0 . 3 A/
cm' with the tube immersed in a bath of liquid nitrogen
held at the triple point. The observed light travels from
cathode toward anode. The 6057-A line emitted from a
Kr lamp run under these conditions has a defined accuracy of one part in
but it is possible to measure
a point on the line, and to hold the systematic e r r o r s
associated with this point, to a few parts in 10' as has
been done in our measurements. As a precaution against
an unknown systematic e r r o r being associated with our
lamp, we have compared the 6057-A line from our lamp
with that from a lamp loaned to us by another laboratory.@The two wavelengths were offset by 1 f 2.5 parts in
lo', well within the accuracy limit for these lamps. TO
make such precise measurements, it is essential to
deal effectively with the small asymmetry of the krypton
emission-line profile.

'
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We have developed and used for the measurement reported here a new interferometry technique' wherein
the interferometer length is servo controlled to be p r e cisely a whole number of wavelengths of 3.39-Pm laser
radiation coming from a local -oscillator laser, which
in turn is frequency-offset locked' from the methanestabilized laser. The frequency of this radiation (and
thus the interferometer length) is scanned in the desired
manner with a stability nearly equal to that of the
methane-stabilized laser. With this technique we have
obtained reproducible fringe -pointing precisions of
2 X l r 5 order for the methane line, making i t possible
to accurately measure the various systematic effects
inherent in interferometry.
The measurement system is indicated in Fig. 1. The
interferometer was of the plane-parallel Fabry-Perot
configuration. The length could be varied from about 1
mm, to give the large free spectral range necessitated
by the initially poorly known methane wavelength (AX/
X lo-@), to a maximum of 25 cm to span the length
Copyright 0 1973 American Institute of Phytia
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cluded those due t o alignment of light beams not perfectly coaxial and normal to the interferometer, finite
size of the pinhole a t the Kr fringe pattern center, small
plate figure effects, signal-to-noise limitations of Kr,
and residual optical feedback effects in the laser case.
By using the precision measurement capabilities of the
frequency -controlled interferometer, these systematic
effects have been carefully measured and corresponding
corrections have been made to the wavelength measurement. The total fractional-wavelength uncertainty resulting from these was about 1.8X lo", with the largest
contribution (about 1.5X 10-4 coming from misalignment
of the K r light beam (any misalignment gives a unidirectional wavelength shift, but the uncertainty is small
enough that no correction has been applied).
Diffraction effects were measured for the 3.39-Lrm
radiation by measuring the effective change A T of the
interferometer length T as a function of T and interferometer aperture diameter D. Data were leastsquares fit to the equation AT= c(A/D)'T to determine
the diffraction constant c = 0.056. For 3.39 Pm and for
a 1-cm aperture this corresponds to a wavelength c o r rection Ax/A of about 6X l V 9 with an uncertainty of
l x 10-O. For comparison, ideal Gaussian modes apertured at both mirrors would give a theoretical value
c = 0.070. lo

FIG. 1. Frequency-controlled interferometer measurement
system.

(15-20 cm) giving optimum performance with the K r
line. For short cavities, the local -oscillator frequency
could not be scanned over a full spectral range of the
cavity. Therefore, the motion of the 2-in. -diam scanning flat was controlled with three 30-cm-long servo
cavities formed between three spots near the edge of the
flat and three small spherical m i r r o r s spaced a t 120"
around the circumference of the Invar frame. The measurement cavity was formed between the 2-in. -diam
flat and a 1i-in. -diam flat which could be translated to
the desired interferometer length and adjusted for
parallelism inside the vacuum chamber. With the f 250MHz tuning range of our local oscillator, this allowed
the interferometer to be scanned over about one order
for methane radiation and nearly six orders for visible
radiation. The interferometer length was modulated a t
5 Hz, and first-derivative detection was used for fringe
pointing. Servo techniques used are indicated in Fig. 1.
Wavelengths have been calculated using the method of
fractional fringes. Dispersion of the phase change on
reflection was eliminated b y subtracting data for two
values of interferometer length to obtain data for a
virtual spacer. We have used spacers of lengths 4.67,
11.20, 17.71, and 19.56 c m to give the five virtual
spacers for which wavelengths have been calculated.
Various systematic offsets were contributed by some of
the experimental techniques and by the asymmetry in-

herent in the Kr line. Effects related to techniques inAppl. Phyr. Lett., Vol. 22, No. 4,15 February 1973

With the considerations outlined above, we have removed from the data all known inherent systematic
effects associated with the interferometric technique to
an uncertainty of about 2X lo-'. However, the apparent
3.39-pm wavelength varied by i 1. l x 10" as a function
of the spacer length. This spacer dependence of the
effective Kr wavelength is a manifestation of a small
intrinsic asymmetry in the Kr emission-line profile
and thus is characteristic of all interferometric measurements referenced to the K r standard. Our observations of the magnitude and sign of this effect are in
basic agreement with previous work.
Using the precision capability of the frequency-controlled interferometer, it has been possible to carefully
measure a radial dependence of the Doppler shift across
the K r discharge capillary, as well as the spacerdependent change of the effective wavelength due to
asymmetry. Indeed, in our experiment the Dopplershift radial variation was more apparent than is usual,
since our technique of lamp observation accepted only
light which emerged parallel to the capillary axis and
mapped this into the interferometer so that it was
parallel to the interferometer axis; this preserved a
radial variation of the Doppler shift at the interferometer. In the usual method of observation a light ray at
any radius of the interferometer contains light originating a t nearly all radii of the discharge; thus all light
rays have approximately the same Doppler shift"
( 1 . 3 1 lo-'
~ cm-'), which is the weighted a v e n g e over
the full discharge bore.

''

In calculating the necessary Kr wavelength corrections
we have assumed that (a) the krypton line asymmetry
may be modelled by a doublet" and (b) the radially dependent Doppler shift has a smooth form with the intensity-weighted average given by previous studies. I' The
line shape" assumed was
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FIG. 2. Wavelength results. Top row corrected only for offsets
due to diffraction and finite exit aperture. Bottom row with
additional corrections for asymmetry of Kr standard line.

Z/Zo= exp[ - ln2(Ao/Aul;&']

+ 0.06 e&- ln2[ (Au + b ) / A ~ ~ p r ) ,
where
Au=

(0 -00)

-A~(~)Doppl*r

and
AullL=HWHM=0.00634 cm".

After a few iterations, the parameters which approximately fit our data were
6=0.008 cm"
and, for the discharge capillary of 2.1 -mm diameter,
A U ( Y ) ~ , , ~ ~ ~ ~ 2.4X
~ = A lo''
U ~ =cm",

Y=

0-0.28 mm,

=Aooexp{-2[(r -0.28 mm)/O.21 mm]'},
Y=

0.28-1.05 mm.

Fringe shifts were calculated by folding the asymmetric
K r line shape with the appropriate interferometer
fringe -intensity function to give the asymmetric fringe
intensity Zasym(T) as a function of interferometer
length T. Another fringe intensity I sym(T)was calculated for a symmetric K r line located at some reference
point on the asymmetric Kr line (for instance, the
maximum intensity). l5 The shift in T of the maximum
intensity points of the simulated fringes we denote by
c, which typically was a few times ~O-'XK,/Z.
From the wavelengths uncorrected for asymmetry, a set
of ideal c's for the virtual spacers was determined
which would entirely remove the apparent CH, wavelength variation with interferometer length and aperture.
The c's calculated with the above asymmetry model
were within about $ X 10''XK,/2 of these ideal 8 s for all
apertures and spacers. Our CH, wavelength variations
were reduced by about an order of magnitude by this K r
asymmetry correction.
Wavelengths for all virtual spacers and apertures are
shown in Fig. 2, both uncorrected for asymmetry and
corrected. Each point represents the wavelength obtained with the indicated virtual spacer (numbers 4-5,
etc., next to points in the top row). The two sets in
Appl. Phys. Lm., Vol. 22,No. 4,16 February 1973

each vertical column are for the indicated aperture.
Wavelengths corrected for experimental systematic
effects, but not for asymmetry, are shown in the first
row (average of all points is indicated by the "ave"
arrow at the right). Results for additional corrections
due to K r asymmetry are given in the second row, with
the total average Xo. Averages for each aperture are
shown by the dashed lines.
Without asymmetry corrections, the aperture averages
deviate from the total average by only about 2X lo",
and the total average is offset from Xo by only - 4 . 1
X lo''. Despite these small offsets of the wavelength
averages, the largest deviations" of the X's is about
1 . l X lo-' and the small offset of the average A from Xo
is only due to the choice of spacers used. This is indicated also by the large standard deviation u of 2 1 . 6 ~lo-'
( o h = 6.4X 10-9.
With the inclusion of asymmetry corrections, the
largest single deviation is reduced to less than IO-' and
the standard deviation to u = 9.3X lom5 (u/X = 2.7
X 10-7. Use of the Doppler AX(r) correction has i m proved the aperture average X variation somewhat, but
a better hypothetical distribution of velocities in the
discharge could probably be found to further reduce this
variation.
Our final value A. for the CH, wavelength, obtained
using the asymmetry discussed above, depends upon
how the defined K r wavelength (6057.802 105 A) is applied to the line. Since the intrinsic asymmetry of the
K r emission line was discovered only after the meter
definition was adopted in 1960, it is necessary to adopt
a further convention relating the defined wavelength to
the observables of the line. We shall consider two possibilities: (i) The defined wavelength applies to the
asymmetric -line maximum-intensity point, o r (ii) it
applies to the center of gravity point. If the definition
corresponds to theomaximum intensity, we obtain
Xo= 33 922.314 04 A, and, i f to the center of gravity,
x O = 33 922.31376 R.
The uncertainty in the two individual values should probably be larger than the 2.7X 10'' standard deviation of
the wavelength set due to the uncertainty in the K r
asymmetry model. For instance, if the Rowley-Hamon"
model is used without the radial Doppler dependence,
the wavelength is decreased by 1.2 X lo-'. Thus, for our
result we estimate a 68% confidence interval of
6~=*1.2~10-~R,

a ~ / =x * 3

. 5 io-'
~

by combining quadratically the 2.7X lo'' standard deviation with two times the 1.2X lo-' model dependence shift.
This methane wavelength has also been measured by
Giacomo. I7 Wavelengths inferred from his measurement for the two cases discussed here are somewhat
lower than ours, although his quoted result
(33 922.313 76 A) is identical to ours for our case where
the defined Kr wavelength is applied to the line center
of gravity.
Using the measured methane -stabilized laser frequency'
of u = 88.376 181 627'(50) THz (bv/u=* 5 . 6 10-'0)
~
and the
presently reported wavelength of X = 3.392 231 376 (12)
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pm (6x/x = i 3 . 5 10-7,
~
we calculate the speed of light
to be c=299792456.2(1.1) m/sec (dc/c=*3.6XlO-~.
This value is based on the arbitrary convention that the
krypton defined wavelength is to be applied to the center
of gravity of the krypton line; i f the maximum intensity

point were chosen instead,

the methane wavelength-

and hence the value of c-would be increased by 8.3
parts in 10' [c,,, I = 299 792 458.7(1.1) m/sec]. These

values are in agreement with the previously accepted
value'* of 299 792 500 (100)m/sec and are about 100
times more accurate. They are also in agreement with
the recent measurement by Bay, Luther, and White,
who report c = 299 792 482 (18)m/sec.
T h e authors would like to express their thanks to Dr.
P. Bender and Dr. H. S. Boyne of these laboratories
for t h e i r helpful discussions during the course of this
work. Also, the authors extend special appreciation to
P. Giacomo of BIPM for h i s very helpful criticisms and

comments.

*Operated jointly by the National Bureau of Standards and the
University of Colorado.
'R. L. Barger and J. L. Hall, Phys. Rev. Lett. 22, 4 (1969).
*E. E. Uzgiris, J.L. Hall, and R.L. Barger, Phys. Rev.
Lett. 26, 289 (1971).
3K. Uehara, K. Sakurai, andK. Shimoda, J. Phys. SOC.Jap.
26. 1018 (1969).

'J. L. Hall in Proceedings of the Symposium on Basic and
Applied L a s e r Physics, Esfakan 1971 (Wiley, New York, to
be published).

Appl. Phys. Lett., Vol. 22, No. 4, 15 February 1973

199

Evenson. J.S. Wells, F.R. Petersen, B.L. Danielson, and A.W. Day, precedingletter, Appl. Phys. Lett. 22,

Q.M.

192 (1972).

OK.M. Evenson, J.S. Wells, F.R. Petersen, B.L. Dadelson,
0.W. Day, R. L. Barger, and J.L. Hall. Phye. Rev. Lett.
29, 1346 (1972).

'E. Engelhard and J. T e d e n , Rev. Opt. 39, 11(1960).
*his lamp was made available by Dr. G. Schweitzer and Dr.
R. Deslattes of Natl. Bur. Std., Gaithersburg, Md.
BR.L. Barger and J. L. Hall in Precision Measurement and
Fundamental Constants, Natl. Bur. Std. Special Publication
No. 343 (U.S. GPO, Washington, D.C., 1971).
'°Calculated from Fig. 24 of H. Kogelnik and T. Li, Appl. Opt.
5, 1550 (1966). See also L.A. Vainshtein, Zh. Eksp. Teor.
Fiz. 44, 1050 (1963) [sov. P4ys. JETP 17, 709 (1963)l.
liW.R.C. Rowley and J. Hamon, Rev. Opt. 42, 519 (1963).
12This Kra6 reproducibility limit is just larger than the l x 10"
stated in the report of the Comite Consultatif pour la deflnition du Metre (1970) (Bureau International des Poi& et
Mesures Sevres, France, 1972).
13A radial variation of the Doppler shift has been postulated by
F. Bayer-Helms [Z.Angew Phys. 15, 330 (1963); 15, 416
(19631; 16, 44 (196311.

14K.M. Baird andD.S. Smith, Can. J. Phys. 37, 832 (1957);
see also Ref. 11.
15For a more detailed discussion of asymmetry corrections,
see R. L. Barger and J. L. Hall (unpublished!.
l6In the absence of an international agreement on this question,
we slightly prefer the center of gravity definition since it
probably would be less affected by lamp operating conditions
(influence on Doppler width).
lTP. Giacomo in Proceedings of Fourth International Conference on Atomic Masses and Fundamental Constants, Teddington, 1971 (unpublished).
I8K.D. Froome. Proc. Roy. SOC.Lond. 247A, 109 (1958).
IBZ. Bay, G.G. Luther, and J.A. White, Phys. Rev. Lett. 29,
189 (1972).

