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P-1—The Laser Absolute Wavelength Standard Problem

J. L. HALL

Abstract—Stabilized lasers usually exhibit systematic frequency
shifts larger than their resettability; this phenomenon is well il-
lustrated by the 6328-A helium-neon laser. We describe a Lamb-
dip stabilized laser that operates at 1.15259 u in pure low-pressure
(0.12-torr) neon. Optical heterodyne experiments indicate an ac-
curacy exceeding 1 part in 10°; short and medium term precisions
of 1:10' are easily achieved. We also report the successful opera-
tion of a wavelength reference based on the saturation of sharp
molecular absorption. In the first experiments the P(7) line of the
v; band of methane is saturated inside the cavity of a 3.39-u helium-
neon laser. The saturation maximum at molecular line center pro-
duces an “‘emission” feature whose linewidth is less than 3 parts
in 10° The pressure-induced offset is expected to be less than 1
part in 10, Size scaling is expected to improve these first results

by at least 1 decade.

transitions were first available in the visible and
" near-infrared, much thought has been invested i the
potential application of oscillator devices as wavelength
fhe Shawlow-Townes speetral width relation-

QIN(‘I‘I the davs when negative temperature atomie

standards. 1
ship [1] predicis ntrinsic oscillating bandwidths of the
order of a hertz or less for essentially all gas lasers. The
work of Juscia cf al. [2] showed that with (much) care one
could reach oscillating bandwidths of a few tens of herty,
limited primarily by mechanical and thernal disturbances
of the environment. This speetral width corresponds to an
wneertainty i the instantancous frequency of less than 1
part in 10", By contrast, the resettability of a given fre-
quency was reporfed 3] az about 1:10° some four decades
before one hegins to confront problems of a fundamental
nature.

Since there iz not much published work dealing with
absolute resettability, we illustrate the problem of con-
structing an ahsolute laser wavelength standard by con-
sidering briefly what can be done in the visible.

We recognize at the outset that ordinarily the eavity Q)
will exceed operating atomic Q by a factor of at least 50
and that consequently a servomechanism will be recuired,
which continuously resets the cavity resonance to some
fiducial mark in the atomie profile. Tor the argument, we
will assume a servo that uses the absorption (or dispersion)
part of the natural width, rather than the Doppler width,
Trom a 20-em 1.35-torr single-frequency 6328-X helium-
neon laser, we have obtained 250 pW with a symmetric
Lamb dip of 30 pereent depth and 110-MHz FWHM [4].
This linewidth, which is a fractional linewidth of 4 1.1
parts in 107, can easily be split-into, <ay, 100 or 200 parts,
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giving an uncertainty of less than 1 in 10°, Haowever, the
pressure induced offset [5] is about + 25 Mz, or 4
parts in 10%. Thus the laser gas pressure and comipositioy
would have to be known to beiter than 5 pereent 10 make
the accuracy comparable to the reasonably good rvesei
tability. As an illustration of this large gap betweey
precision and accuracy we mention the recent imercompari-
son [6] by three national standards laboratories of the
wavelength of a single eommercial 6328-1 self-stabilized
oscillator. Since the intercomparisons were accomplished
in a short time, compared with the operating lifetime of the
device, we are not surpriscd that the results agreed within
= 3 parts in 10°. In fact, the precision of this intercompan-
son is probably limited as much by the properties of the
krypton wavelength standard as by the laser itzelf. How-
ever, the eritical feature is that another laser of similar
manufacture exhibited a center wavelength offzet from the
first by more than 1 in 107 due to different operating
parameters, principally pressure. We conclude that the
combination of strong pressure shifts, modersicly high
operating pressures, and a multicomponent gas medium
effeetively rules out the 6328- self-stahilized aseillator as
a primary standard.

There have been a number of ingenious proposals put
forward to improve the sensitivity with which to detect
deviations of oscillation frequency from ihe coader of the
Jaser natural line. These concepts include among many
others: 1) seanning-tvpe Lamb-dip amplitude stabili-
zers [7]; 2) dispersion stabilizers based on frequency shifts
induced by gain modulation [8] or by loss modulation [9];
3) the bistable polarization property of certain weak-field
Zeeman lasers near line center [10]; 4) muaguetically-
induced circular dichroism [11]; and 5) reduction in the
¢/2L photobeat when the A laser is tuned through line
center [12]. Some of these techniques may well prove
important in the achievement of good short-term stability
in unfavorable environments. However, at present there is
little doubt that the basic problems in achieving a useable
laser wavelength standard relate to systematic offects and
not to signal-to-noise ratios. Thus, in the work to be
deseribed, scanning-type amplitude stabilizers are €m-
ployed. This method is less complex and, more mpor
tantly, may be definitively tested for systematic nstri-
mental bias.

Of the many properties desired in a primary wavclength
standard, such as convenient wavelength, adequate power
output, simplicity and economy, long life, and excellent
short-term stability, there is, by definition, nothing ¢
important as good long-term stability. In view of the good
signal-to-noise ratio attainable with lasers, we expect tobe
able to design a servomechanism that makes the a=cillation
frequency approach the natural frequeney vory closely
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- deed flowever, the molecules or atoms, whose transi-
jaectt , . .
tions We Use a8 the reference element, experience electric

felds (Stark shifts), magncﬁc ﬁ.elds (Zeeman sllit".tf), ther-
mal and macroscopic velocity fields (1)9pp101‘ shifts), land

1.Cssm-c—inchlced line broadening and shifts. Any meaning-
ful investication of potential absolute standards mu;'?'t-
Considor {licse phenomena, as well as other S}'Sfen}&"tlc
instrumonml effects. We can well hope to find a tl‘L\ll:il.‘l'lO.Il
that is ouly weakly affected by these perturbations, elimi-
pate as many perturbations as possible, and then provide
o standard reproducible operating point for the others.
Finally, by taking advantage of the excellent medium-term
ctability, we should be able to “extrapolate off’”’ the most
cerious remaining shifts.

It has long been realized that a single-gas component
«stem must be used in any potential laser wavelength
;{undurd. However, this prevequisite for accuracy may well
preclude the realization of any gain at the optical fre-
quency. Consequently single-gas absorption cells have been
used botl inside and outside laser cavities in conjunction
with a regular amplifier discharge tube [13]. We may treat
the work of Lee and Skolnik [14] as an example, These
workers pitt a pure neon absorber, as well as a helium-neon
gain cell, inside the laser cavity, thus increcusing thelr
sensitivity to small absorptions. Their 6325-A oscillator
made sufficient power to partially saturate the slightly
proadencd notwral line (~153-MHz width; of the neon
absorber. At the absorber line center, where the two holes
purned in the velocity distribution maximally overlap, the
saturation of the absorption is nove complete, and thus an
inereased Luser output results. This trick largely overcomes
1 He-Ne oscillator and an emi-
nentlv useful working standard should result. Ultimately,
due to Tamb-dip effeets iu the gain cell coupled with the
large (~G0-MHz) pressure-induced offset of the amplifier
cell, it iy be expeeted to be difficult to obtain the
symmetric and bias-free diseriminant necessary to explore
the range substantially below 1:10%

the deficienpies of the 632

As o second example, we report on work being cairied
out at the Joint Institute for Laboratory Astrophysics in
collaboration with Dr. H. 8. Boyne of the National Bureau
of Standards. We study the 1.15239 (28, — 2P,) neon line,
which oscillutes at low pressures in pure neon as first
reported by Bennett et al. [15]. In 20-cm discharge tubes
(>mm bove), just a few waits of VHI power provide gainz
exceeding 4 percent, giving un output power of 5 to 10 x1V
through « 1.5 percent transmission mirvor. At 120 to 150
mtorr of neon, the Lamb dip is about 45 MIlz wide and
deeper 1hin 30 percent. Fig. 1 shows this output at several
excitation levels, the lowest one corresponding to about
3em of discharge. The output mirror in this case was
9.5 percent reflecting, which results in a rather substantial
loss of airuinable single-frequency power compared with
optimal coupling.

For g amplitude-measuring type of stabilizer, the
¥Mmetry of the Lamb dip is of critical importance. We
believe the folded confocal cavity should be used with the
mallest bore tube possible to provide very large loss for

VAAY

¥ig. 1. Power output of X = 1.15 u single-frequency pure neon
Taser versus cavity tuning. The very slight asymmetry visible was
affected by cavity alignment and is thought to arise from the ad-
mixture of off-axis modes. Neon 20: p—120 p; ¢/2L—456 A[Hz;
P—1 pW/div.

off-axis modes. The low @ and intrinsic frequency degen-
eracy of these cavity modes allows one to obtain a very
symmetric and blas-free discriminant. The symmetry of
the Lamb-dip region may be studied in detail by the
technique of “frequency offset locking.”” With this method
the stability of an optimized laser, stabilized at line center
(with, say, a scanning-type Lamb-dip stubilizer), may be
transferred to another laser operating under more general
conditions. The second laser cavity iz servo-driven to
produce a photobeat frequency equal to a laboratory RF
signa) generator. Thus one is able to eliminate the influence
of cavity vibrations and at the same time provide an
extremely high-resolution adjustable frequency offset of
the second lasger from line center (as defined by the first
locking servo). In some preliminary experiments, using an
analog form of frequency offset locking, we have studied
the slope of the Lamb dip of the offzet luser neur zero beat
{(see Tig. 2). An extrapoluted beat frequency of (210 &= 15}
kHz at the zero-slope point was obtained, corresponding to
an offset of (8.1 == 0.6) X 107'°. Increasing the pressure i
the offset laser by 100 mtorr (to 290-mtorr total) resulted
in an offset of (8.1 == 0.7) X 107*°. We conclude that the
laser frequency is remarkably insensitive to pressure. (Also
the Lamb dip is observed not to broaden messurably with
pressure, even up to 0.4 torr.) The total offset from the free
atom frecuency is ahmost surely less than 1 X i07° Using
the ambipolar diffusion model of Mayer [16] axnd the elec-
tron temperature and density measurements of Gordon
and Labuda [17], we can estimate the total Stark shift of
this line to be of the order of +10 kHz (44 X 187, Pres-
ent work iz aimed at understanding the origin of the ex-
perimental 200-kHz offset. Since one of the lasers used had
too large a bore, long radius mirrors were used. It is sur-
mised that the off-axis mnodes that were observed at high
excitations caused the ¢ of the cavity 1o be dependent
upon its tuning. The experiments will be repeated with
more nearly optimized lasers.

Given a well designed laser with rcasonable short-term
stability, signal-to-noise ratios for the diseriminant are not
vet of primary concern. However, it still would be interest-
ing to see if the apparently large population density of the
28, level in pure low-pressure neon would aliow oscillation
on the 28, — 2P, 1.52349-x Yine. This transition is\o/f the
J =1-—=J = 0 type, and consequently should give the
extremely sharp diseriminant obtainable from the bistable
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Tig. 2. Derivative of output power versus frequency, measured

from the Lamb-dip minimum. This laser was servo controlled by
photobeating with a Lamb-dip stabilized local oscillator. The
frequency dither of == 10 MHz was thereby transferred to the first
laser. The variation of power was then synchronously rectified to
measure one side of the Lamb-dip derivative function. The noise
of ~10 kilz rms in the offset frequency contributes essentially
nothing to the ohserved 0.1-volt slope jitter.

polarization characteristies of a Zeeran lager as discussed
by Fork ef al. (18] and Polanyi of al. {19].

Tor reference, in Table I, we summarize the properties
of the 1.15-p pure neon Lamb-dip stabilized wavelength
reference. Although its performance iz not as good as that
of the saturated absorber system to be described presently,
its simplicity, low power requivements, accuracy, and
stability commend it highly as a working standard.

In all likelihood, the “ultimate” wavelength standard
will be based on sharp-line absorption of laser lLight by
suitable molecules [20]-[24]. In the provocative work of
Tzekial and Weiss [24], a molecular beam of iodine was
observed to fluoresce when illuminated with light near
5145 A. Eleetric quadrupole interactions appear {o give
resolvable structure to the fluorescence excitation profile.
Lifetime measurements indicated a potential interaction
time approaching 3 us, corresponding to less than a 100-
kHz linewidth. Unfortunately, the Ar™ laser requires
high-power inpuis (~ kilowatts) and it may therefore be
expected that good short-term stability will be rather
difficult to achieve. To climinate first order Doppler
broadening, the molecular beam will need to be collimated
within about 20 are seconds and perpendicular to the
double-passed laser beam to the same accuracy. These are
basically experimental considerations and it is by far too
early to predict the outcome.

Several other examples of laser-molecular absorption
coincidences are known, including various alkali molecules
with argon” and 6328-3 neon laser lines [21]-[23], NO, with
several argon” lines [26], ete. The classic case—and prob-
ably the most exciting at the moment for standards
purposes—is the 3.3913-u He-Ne laser pumping the P(7)
line of the v, band of CH,. Earlier absorption work on this
case was reported by Gerritgen [27]. Use of the narrow
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TABLE I

A Usasre Inlerim Laser WAVELENGTH REFERENCE

L

Pure neon?® 115250 & 128, —9p;
Electron impact pumping: pd ~ 0.3 forr mm.
Operating pressure range: 80 to 400 mtorr.
Optimum pressure: 120 vo 150 mtorr.
Power input to RF oscillator (170 MHz) : 9 watis dc.
Estimated input to discharge ~ 4 watts.
(ain in 20-cm tube (2-mm bore) > 3 percent.
Power output through 2 percent transmitting mirror > 3 4W,
Lamb-dip width ~ 22 MHz FWHAL
Natural width =~ 15 MHz FWHM.
Lamb-dip depth > 30 percent.
Stark shift at operating point a) ~ 4 6 kHz (4 3:10%,
Pressure shift at operating point b) < 200 kHz (< S:10w,
Estimated accuracy (total offset from free atom frequeney;
< 1:10% o
Demonstrated precision (medium term stability) < 1:101,

a) Caleulated value, averaged over mode size.

b) Quoted as entire offset between 2 independent deviees

variation with pressure appears to be substantially less thy,
this value. E

Doppler absorption profite of saturated CH, vapor held at
the nitrogen triple point (63.2°K) has been suggested asa
wavelength reference by Shimoda [2S]. In collaboration
with Dr. R. L. Barger, we have been applying the tech-
nique of saturated absorption to the methane —3.394 -
ease. As pointed out by Lee and Skolnick [14], an emission
feature of width related to the natural (rather than the
Doppler) width occurs when the laser frequency is in rese-
nance with atoms having only transverse veloeits compo-
nents. For the CH, case, at 10-mtorr gas pressure we obtain
in preliminary experiments an emission feature about 2
percent of the basic laser intensity (sce Fig. 3). This sym-
metrie peak, approximately Lorentzian in form. has a
spectral width of less than 1.5 MHz! This width is domi-
nated almost entirely by the finite molecular time of flight
through the aperture of the saturating laser beam. Whe
the molecular velocity is reduced by cooling the gas to
77°K, the linewidth is reduced to 660 kHz FWHML. Witha -
larger aperture we expeet to more nearly approach ihe 75
kHz pressure-induced linewidth [27] characteristic of
the 10-mtorr operating pressure. The peak can be casly
seen down to about 1 mtorr; at this pressure the pressure
induced linewidth is 7.5 kHz and the offset is expected to be
less than 1:10°". From the absorption cocfficient and line-
width, the radiative linewidth is caleulated to be only
about 100 Hz. With an ordinary InAs photodiode we ob-
tain a signal-to-noise ratio of about 6000:1 with a 1-Hz
bandwidth. Virtually all the observed noise is due to the
poorly matched amplifier input stage.

It is entertaining to speculate on the potential of this
saturated molecular absorption approach to the waves
length standard problem. Two versions of the 10-x1W pure
neon laser previously deseribed stabilize themselves indes
pendently at the line center to within & 1,500 of the full
width. Taking this fraction as a demonstrated and pealistic
guide (likely pessimistic in view of the 100-fold-greatef
power output of the 3.39-u deviee), we antieipate a preci—
sion of about 3 parts in 10** for mode! TI, presentiy being
constructed. The accuracy will likely be affected by factors
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(b)

Tig. 3. Saturated molecular absorption signal from methane cell
hside (a7 3.39-u He-Ne laser cavity, The peak, due to saturation
of the opacily of molecules traveling transverse to the laser
beam, is aboul 2 percent of the 1-mW Jaser output. Tts width of

1.5 Mz is due to the short time of flight across the effective mode-
sput Siz Both refrigeration of the gas to 77K and increase of
mod¢ ameter give their anticipated lirewidth narrowing.
Pressure-induced width is about 75 kHz. Laser cavity locked to
the saturated absorption resonance. (b) Same conditions as above,

except with wider sweep to show wings and noise level. Display
bandwidil is 4.5 kHz. Cavity is unlocked.

not vet fully appreciuted, but as pointed out by nhi-
moda (28] the relevant line of CH, is free from measurable
Stark shift. Zeeman splitting in the earth’s field should be
about 500 Iz, Nuclear spin-rotation interaction is ex-
pected 1o be less than 1 kHz. If this structure can be
properly talien into aecount, it may be possible to define a
meter that would rival the second in terms of its repro-
dueibility,
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