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Broadband precision wavelength meter based on a stepping
Fabry—Pérot interferometer
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We have constructed a broadband apparatus for wavelength metrology capable of absolute accuracy
at a level of better than 2 parts in®L@n evacuated plane-parallel Fabry—Pérot interferometer with
continuously adjustable mirror separation is used to compare the wavelength of a single-frequency
tunable laser with that of an iodine-stabilized HeNe laser used as a wavelength standard. This work
details apparatus construction, a thorough investigation of systematic errors, and data analysis. The
wavelengths of five Doppler-fre]é“OTe2 transitions in the region from 475.6 to 490.8 nm have been
measured and are found to be in excellent agreement with previous measurements. In addition, the
wavelengths of five previously unmeasuﬁt—:?’(']Te2 transitions spanning the region from 424.9 to
462.3 nm have been determined for use as new reference wavelength stand20@el American

Institute of Physics[DOI: 10.1063/1.1791871

I. INTRODUCTION this concept. An important change is the use of a scanning
étalon, which allows stepped changes in the mirror spacing

Wavelength meters based on Michelson or Fizeau interduring a measurement cycle to diagnose and control system-

ferometers have long been the standard method of waveitic errors. We also use a telescope to project the interference

length determination for tunable CW dye laser light sourcespattern, rendering the instrument free of chromatic aberration

The wavelength of the “unknown” laser is compared withto a very high degree over a broad spectrum of wavelengths.

that of a reference laser by means of fringe counting. Th&ve have verified its accuracy by measuring the wavelengths

accuracy of these devices is largely limited by the inability toof five well-studied Doppler-free transitions F|"°f°Te2, and

precisely control alignment of the two laser beams in thenave made precise measurements of five previously unmea-

interferometer. The plane-parallel Fabry—Per@tP) interfer-  sured*Te, transitions in the 424.9-462.3 nm wavelength

ometer has long been the instrument of choice for precisiopgnge.

wavelength measurements on light from incoherent light  The technique of Fabry—Pérot interferometry has been

source<. In recent times FP interferometry has been appliedhoroughly discussed by MeissrfeiThe well-known Airy

to wavelength comparisons between laser light sources. Peformula gives the intensity pattern of light transmitted

Iey et al.3 employed a FP locked to a@-stabilized HeNe through a pair of plane parallel mirrors as

laser to compare the wavelength of a scanning dye laser to

that of the HeNe laser. Amiat al* used a pressure-scanned _ T?(1-R? 1)

FP to compare the wavelength of a dye laser locked to an 1 +(4R/(1 -R)?)sir(ap) '

atomic absorption line to that of ag-$tabilized HeNe laser. o . )

Both experiments measured the Rydberg constant by satur{here T and R are the transmission and reflection coeffi-

tion spectroscopy of the Balmer line, whose wavelength Clents at the mirrors, respectively, and ifgenerally nonin-

was already very well known, thus simplifying the task of [€9ra) order numbemp is the phase difference in one round

determining the integer part of the order number. trip, in units of 2. For_ light of vacuum Wf_;lve_length (wave
Sansonetli developed a more general laser wavelengtf?imbero=1/)) traveling at an angle of incidenagto two

meter in which the FP ring pattern was employed to compar@'rror surfaces separated by a distahdbe order number is

the wavelengths of the unknown and reference lasers, and%Ven by

traveling Michelson wavelength meter was used to resolve

the integer-order-number ambiguity of the FP. Sansonetti's p=—C0S = 2to cos§. (2)
wavelength meter created a pseudo-incoherent light source

from the laser beams by scattering from a moving diffuserat the center of the ring pattefi#=0), the order number will
this mitigates sensitivity to alignment and collimation of the in general not be integral, but can be written as an int&yer
beams and time-averages over laser speckle. He achieved glis a fractional part

accuracy of a few parts in 20n several measurements.In

the present work we have undertaken a detailed and thorough P=P+&="2to. 3

investigation of the systematics of a new device based %Nence, determination of the integral and fractional parts of

the order numbers at the center of the ring pattern for light of
¥Electronic mail: scholl@uwo.ca unknown wave number and known wave numbeo g
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(from a reference lasgallows us to determine the unknown  cooled photodiode scattering

. . array. wheel  cylindrical
wave number quite simply as e achromat  lens

==
_ P+e (4) Schmidt- u — - iris
o= —P n Oyef. to Cassegrain
ref T Eref computer telescope Fabry-Pérot étalon
. . vacuum enclosure

For the reference laser used in our wavelength metgrjs I,-stabilized reference
known absolutely to 2 parts in 19 With t=15 cm, the inte- HeNe oo )
ger parts of the order numbers, which are known precisely, , ; £ " _polarizing
are P=4.74x10° and P=6.75x10° (for o o sh"uﬂ’er' 7= Deam-spliter
~22 500 cm?). Measuring the ring patterns determines HeNelaser o g i8ns _

4 hoptodiode to Michelson wavemeter and
and g,; to 5X 1077, and thus the absolute accuracy of the R ior Tellurium spectrometer

i H frequency offset
method is about 1 part in 10 _ o e
The fractional order numbers are determined by observ-
ing a slice through the Airy ring pattern with a silicon-diode ) — e—
array, alternately exposing the instrument to light from the sinalefodioncy  —
) gle-requency  arg0n jon laser

unknown and reference lasers. Although it would appear dye laser

fro.m the formlflla a.bove tha’.[ ItIs not necessary to know thq:IG. 1. Schematic apparatus diagram. A HeNe laser offset-locked to an
mirror separatiort, in fact th|3_mU5t be measured very pre- | apilized HeNe laser serves as the reference for wavelength determina-
cisely in order to deduce the integer parts of the order numson of a CW dye laser locked to a saturated absorption line in &e
bers. We accomplish this by the “method of exact Fabry—Pérot étalon is illuminated separately by light from these two lasers
fractions,®® using a traveling Michelson wavelength meter ﬁ‘;‘:atrhghgetzg'iggg gf‘r’;;"gf)d interference ring patterns are measured on a
with an absolute accuracy of better thax 1077. Oncet is '

known to a precision of=0.3 ppm,P,, and P can be ob-

tained frome¢; and & (measured from the ring pattgrmnr The plane-parallel FP étalaiBurleigh Model RC-119
(measured approximately with the Michelson wavelengths housed in a vacuum enclosure to eliminate corrections for
mete), and oer. the index of refraction of air. The vacuum is maintained be-

A small but significant correction at our level of accu- low 30 mbar by a roughing pump isolated by a molecular
racy arises from the wave number dependence of the phasgve filter to prevent contamination of the étalon mirrors.
shift upon reflection from the aluminum mirrorS, which haSThe 50.8 mm diam vacuum windows are anti-reflection
not been included in the formulas above. The resulting corgoated BK-7 glass plates, flat 1d 10 and parallel to 5 arc s.
rection to the order number is less thaix 5073 over the  The matched \/200 étalon mirrors are 50.8 mm diam
wavelength region of interest, and is determined to a fracgpectrosil-B blanks possessing a flatness finesse of 100. The
tional ‘accuracy of 10% by the “method of virtual reflectivity of the aluminum coatings is 85% at 632.8 nm,
mirrors,”"in which measurements are made with differentresulting in a reflectivity finesse of 19.3. Bare aluminum is
mirror spacings. chosen for the reflecting surfaces since its reflectivity is

broadband and phase shifts due to reflections from these sur-
faces are small and vary smoothly with wavelen’dﬂ'ﬁOb-
Il. APPARATUS served finesses vary from a maximum of 16 at the reference
wavelength to=12 at 420 nm. These modest finesses spread
the intensity of an interference fringe projected onto the pho-

Figure 1 is a schematic diagram showing the experimentodiode array detector over at least 5 pixels for accurate de-
tal components and the light paths between them. The laséermination of fringe positions to better than a single pixel
beams from the frequency-offset-locked HeNe laser and width. The uncoated sides of the étalon mirrors are wedged
CW dye laser are separately expanded by lenses. Computdsy 10 arc minutes; the wedge angles of the étalon plates are
controlled electromechanical shutters in the path of each lasriented at 180° with respect to each other, with the apexes
ser beam are used to select light from either laser for indief the “prisms” up and down. These wedge angles eliminate
vidual analysis by the Fabry—Pérot interferometer. The pathfrmation of additional étalons from these faces, but weak
of the two laser beams are combined by a polarizing beanback reflections from the uncoated sides produce faint sec-
splitter cube. An expanded laser beam is focused by andary copies of the FP ring pattern above and below the
100 mm focal-length cylindrical lens to form a horizontal main pattern. The intensity of the secondary patterns where
line source on a spinning plastic wheel for illumination of they overlap the primary pattern is essentially zero due to the
the interferometer. The downstream face of the plastic whedine source illumination at the scattering wheel.
is roughened to scatter the transmitted laser beam over a Coarse alignment of the étalon mirrors is accomplished
broad range of angles and to destroy its coherence, therelty fine-pitch mechanical screws. The ultimate alignment of
removing the speckle pattern on the interference rings, whickhe étalon is made in vacuum by three piezoelectric crystal
would be a source of noise. The scattered laser light is colfPZT) adjusters while simultaneously monitoring the mea-
limated by an 80 mm focal-length achromatic lens andsured finesse from an analysis of the interference pattern. In
masked by a 33 mm diam aperture before entering the FRddition to these alignment PZTs, 3 stacks of matched PZTs
vacuum enclosure. can be used to scan the étalon separation over a distance of

A. Interferometer
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2 pum corresponding ta P,¢= 6. This capability has proved singg;jggfncy
to be invaluable for understanding experimental systematics : s "
and is a significant departure from previous FP-based wave — gesifle " ooking conte

length meters where the étalon spacings are Stticept for /' ] photodiode /
slowly varying drifty. Fabrication of the étalon assembly, ampﬁf‘ied / detector .

with the exception of the PZT material, is almost entirely phabdlode: 7. ) /

from Super Invar(coefficient of linear expansion< 0.36 k i

X 1078 °C™1). The mirror mount holding the PZT-actuated - JP—
étalon mirror is clamped to three Super Invar rods; it may be temperature-regulated chopper
translated along the rods and reclamped, permitting a choict e o ot

of the mirror spacing from less than 0.1 cm up to 15 cm. pump beam

Remounting the scanning mirror backwards and reversing

this mirror mount permits spacings up to 22.5 cm whichFIG. 2. Saturated absorption spectrometer. Light from a dye laser is split
. L . e into separate pump and probe beams, modulated by a dual frequency chop-

were us_eﬂ‘” In de,termlnlng t_he mirror phase Shl_fFS. _After?er, and overlapped in E’OT% cell heated to 500°C in a temperature-

evacuation of the étalon housing and thermal stabilization ofegulated furnace. The resulting saturated-absorption signal is used to lock

the étalon, drifts in the mirror spacing of approximately the dye laser frequency to the side of the absorption line.

1 nm per hour or less were observed for a spacing of 15 cm.

Trgnsmitted light emerging from the FP vacuum e”C|°'power. The frequency offset=13 MH2) is directly mea-
sure is focused onto the photodiode arrdyDA) by a  gyred by a frequency counter monitoring the beat frequency
2000 mm focal-length Schmidt-Cassegrain telescope, or gt a portion of the offset-locked laser output combined with
pair of achromatic lenses in the case of small values of thenat of the b-stabilized HeNe laser on an amplified photodi-

separatiort of the étalon mirrors. An off-center portion of 4ge (New Focus Model 1801 The uncertainty in the beat
the 200 mm entrance aperture of the telescope is used fgaquency of ~0.1 MHz leads to an accuracy of2
collect the light. With the exception of the Schmidt plate, the x 10710 for our reference wavelength.

telescope is all reflecting and thus nearly free of chromatic
aberration. The telescope has the further advantage that its
optical design results in a more compact apparatus comparél Tellurium saturated-absorption spectrometer
to that employing an achromatic lens of comparable focal A schematic of the intermodulatibh saturated-
length. Mounting of the PDA onto the telescope is ratherabsorption spectrometer is shown in Fig. 2. Laser light from
straightforward given the standard threaded mount found othe dye laser using Stilbene 420 or Coumarin 480 is split into
the telescope. This results in an optical system that is easilg pump beam and a weaker probe b&&gy/ | prone= 10). A
aligned on the ring pattern by translating the telescope andual-frequency chopper modulates the pump and probe beam
PDA as a single unit, and is readily focused by the manuaintensities at 3.0 and 2.5 kHz, respectively, and supplies a
control that translates the primary telescope mirror. Forreference signal at 5.5 kHz. Mirrors reflect the two beams to
t<4 cm, a combination of two achromatic lenses producingoe collinear and overlapped as they traverse the tellurium
a 666 mm focal length replaces the telescope to produce aibsorption cell in opposite directions. A portion of the probe
interference pattern with 10—15 rings on the PDA. beam after transmission through the cell is sampled with a
A slice along a diameter of the projected ring pattern isbeam splitter, detected by an amplified photodiode, and
detected by a linear PDA. The EG&G Reticon K-Series chipphase detected at the 5.5 kHz sum frequency by a lock-in
consists of 1024 silicon photodiodes on 2 centers, each amplifier.
with a height of 250um. The PDA has a quartz window and The absorption cell is an evacuated 7.5 cm-long,
is cooled to 5°C to reduce dark noise, permitting longer2.5 cm diam sealed quartz cylinder containing a small
integration times. The light intensity recorded by individual amount of**°Te. A tube furnace heats the cell to produce a
pixels is digitized at a rate of 195 kHz by a computer data-calculated Te vapor pressuré of 0.91 mbar at 502°C. The
acquisition board, with complete patterns acquired everyurnace has quartz windows on either side to reduce tempera-
13.5 ms. Typically, 10 individual ring patterns are acquiredture gradients while permitting transmission of the laser
and averaged for display and analysis. Data acquired with theeams. The cell is centered in the furnace, while its cold arm,
PDA darkened are used for background subtraction. A fullwhich is bent to be parallel to the axis of the cell, extends
measurement cycle, including acquisition and analysis of on& cm beyond the cell window into a region of lower tem-
averaged ring pattern from each laser, is completed at a rafgerature nearer a furnace window. The cell body temperature
of approximately 1 Hz. varies from 520° C near its center to approximately 515°C at
The reference wavelength used in this work is generateds windows. A temperature controller deriving its input from
by a Winters Electro-Optics Inc. Model 10@-$tabilized a type-K thermocouple attached to the cold finger regulates
HeNe laser whose frequency is known to a few parts .10 the temperature to within 3°C of the set point with an abso-
To provide a reference beam of increased intensity withoulute measurement accuracy of better than 2°C. We estimate
frequency modulation, a single-frequency HeNe lage-  the total uncertainty in determining the coldest point of the
search Electro-Optics Inc. Model LTRP-0051-BW-NS Te, cell to be an additional 5°C, yielding an overall uncer-
housed in a pressure-stabilized Invar cavity is frequencytainty in the cold-point temperature measurement of 6°C.
offset-locked to the reference laser, yielding 990/ of = The corresponding vapor pressure of Bad its uncertainty
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is 0.91(13) mbar. The single-pass absorption for the Va- 1600 - . - . - . - 200
por at 502°C is 2@)% for the Doppler-limited line at 1400 14 L | 0
20564.385 cmt, in agreement with other workFor the ‘ T A AN
same cell temperature, the single pass absorption a 12004 s 0 L-200
22 634.330 cimt is 853)%. —_ Lol
The frequency of the tunable dye laser is stabilized by% 10001 o
locking it to the side of a saturated absorption line using the; 800
DC ratio method. In this method, the output of the lock-in 3
amplifier is analog-divided by a laser power signal to removeg ;
small (<2% peak-to-peakdye-laser intensity fluctuations, @ 4p0 e
and the output is compared to a reference voltage. The volt . S B
age difference generates an error signal, which is fed bacl 201 LJ I .
into the dye laser’s external frequency input. Assuming sym- o Fstbitl) U ULJ . UUUU A
metric line profiles, wavelength measurements were made 0 256 512 768 1024
with the dye laser locked alternately on both sides of the pixel number
saturated absorption line at the same fractional absorption
and averaged. A fitting analysis of the line shapes with SymEIG. 3. A typipal Fabry—Pérot interfgrence pattern for 632.8 nm Igser Iight
. . . . . (doty and a fit to a product of an Airy function and a Gaussian intensity
m_emc and asymmetr'c Lort_ant2|an p_roflles md'cates_thatenvelope(line). The upper curve shows the residuals from the fit. The frac-
with the present signal-to-noig&/N) ratio, no asymmetries tional order number is 0.0384) and the finesse is 14.2. The pattern is the
that could shift the measured line center by more tharaverage of 10 scans of the PDA, each requiring 13.5 ms.

200 kHz can be detected. The line shapes have full widths at

half maximum(FWHM) of 15-25 MHz. Significant power spacing by the method of exact fractidtisOur implemen-
broadening of 5-7 MHz was observed for several strongation of this method utilizes measurements of the dye laser
lines at higher pump powe(s>50 mW). No statistically sig-  wave number and the fractional order number at the center of
nificant shifts in the measured wave numbers were observege ring pattern in the FP étalon for 8 wavelengths geometri-
for lock-points varying between 25% and 75% of maximumecally spaced over a 1000 chspan; details of the method
saturated absorption. are given in the Appendix. In addition, the fractional order
For measurements spanning the wavelength region frorRumber of the light from the offset-locked HeNe lasgy;, is
424.9 to 462.3 nm, the output power from the dye lasemeasured. Together these data are analyzed for unambiguous
ranged from 75 to 350 mW for Stilbene 420 dye pumpeddetermination of the spacing of the étalon mirrors to better
with 4.75 W of ultraviolet light from an Ar pump laser. than 1 nm for subsequent calculation of the integer part of
About 60% of that power was required for saturated absorpthe order number at the center of the ring pattern. This pro-
tion measurements, producing line shapes with excellent S/lSedure is necessary only once a day at the start of data ac-
ratios of ~75. The typical FP input power was 1.5 mW for quisition due to the very slow drift of the étalon spacing. The
wavelength measurements in the range 420-465 nm, whergichelson wavelength meter is also used initially to set the
the responsivity of the PDA is lower by a factor ef2.5  wavelength of the dye laser for a particular Doppler-free
compared to that at the reference wavelength. The relativgansition to within 0.002 crit.
intensity of the two laser beams and the extent of their ex-
pansions along the horizontal plane were adjusted to produgf RING PATTERN ANALYSIS
ring patterns with similar intensity envelope distributions for
both lasers. The majority of the remaining light25 mw) As discussed in the Introduction, it is necessary to deter-
was directed to a Michelson wavelength meter. In themine the fractional part of the order number at the center of
475.6-490.8 nm region, Coumarin 480 dye pumped bghe ring pattern,e, to a relative precision of 510 to
3.0 W of ultraviolet light produced only 35-85 mW of out- achieve a precision of 2 10 in the measured wave num-
put power. The increased laser intensity fluctuations as wefper. To investigate possible systematic errors in the determi-
as reduced Teabsorptions in this spectral window resulted nation of ¢, the ring patterns were analyzed by a standard
in S/N ratios of less than 10 in the observed saturatedfonlinear least-squargsiLLS) fit to a modified Airy pattern

fit residual (arb. units)

600 4

absorption signals. (“Airy method”) and also by the usual analysis method in-
volving a plot of ring number versus the square of the ring

H Wt 2

C. Michelson wavelength meter radius(“rings method).

The Michelson wavelength meter is based on a triangu-
lar design by Hall® The reference laser is a polarization- A Ay method
stabilized HeNe. A small NIST-traceable “weather station” Figure 3 shows a typical ring pattern recorded by the
monitors temperature, pressure and humidity, from which &DA, the results of a NLLS fit to it, and the subsequent
correction for the index of refraction of air is calculated. residuals. The fitting model for intensityas a function of
With approximately 45 cm of travel ang 20 fringe multi-  positionx on the PDA is given by a Gaussian intensity en-
plication of the HeNe reference fringes, it achieves an absovelope with peak intensityy, center location,, and FWHM
lute accuracy of<1Xx 10°’. This level of accuracy is neces- 2wyIn 2, times an Airy functionA(x), plus a constant back-
sary and sulfficient for an accurate determination of the étalogroundB
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1(x) = lpe™™~ X0) 22 A(X) + B. (5) 0.3322 r 1
. . . . 0.3320| Intercept: 22634.330264(5) cm’
The Airy function, ap_pro>_(|mated for small angles of inci- L Slope: p0_00636(15) ©)
dence on the étalon, is given by e 0.3318 -
1 S 03316|
A(x) = - , 6 3
®) 1+f sir{ale-(x-x)¥s]} ©® § ol
wheref is a parameter related to the finessaccording to 'g 0.3312 -
f=(2F/m)?, ¢ is the fractional part of the order number at the o° gaa1o|
center of the ring patterrx., ands is a parameter related to
L ) 0.3308 |
the focal length f of the projection system and the integer
part of the order number at the center of the pattéin, 0.3306 -
according tos=2f?/P. (Note thatx, the center of the inter- 0.3304 |-
ference pattern, is close to, but not necessarily exactly coin: 0.3302 . . . . .
cident with, the center of the intensity envelogg) In total 0.0 0.05 0.0 0.15 0.20 025
eight parameterdg, X, W, B, f, X, s and, most importantly, 1/(2t) (cm™)

are adjusted in the NLLS fit.

FIG. 4. Measured wave number,,.,, for the saturated-absorption line at
B. Rings method 22 634.330 crit versus 1(2t), wheret is the étalon spacing. The phase
. . . . . correction,é(o), at this wave number is equal to the negative of the slope
Aring is defined by the locus of points at which the Airy and the phase-corrected wave number is the intercept.

function reaches a local maximum. For rays with nearly nor-

mal incidence on the étalon, it can be shown from &). _

that the radius of th¢® ring, rj=%-X;, wherex; is the loca- into account,oeas IS related to the true wave numberby
tion of the local maximum, satisfies 8o

r2=s(j-1+e). @ e (10

Thus a linear plot off vs] yieldse ass=1+ intercept/slope. and thus a plot Ofreasvs 1/2 yields the true wave number
The individualx; are determined by fitting a function derived a5 its intercept and the phase shift as the negative of its slope.

as an approximation to E¢6) which is valid in the vicinity By taking measurements atorethan two spacings, we can
of a ring peak whenR/ 7> 1. It is multiplied by the Gauss- test for possible systematic errors.

ian envelope function described above to correct for the non-  poppler-free 130re, transitions with o< 21 626 cm?

uniform laser intensity across the ring peak were measured at four different étalon spacings ranging from
1 2.76 to 22.54 cm. The remaining transitions were measured
> 5t B. (8) at 7 spacings spanning essentially the same range. Measure-
1+ k(x5 — x%) . "
! _ ments of the saturated absorption transition at
Here ;= 1/(Wrj)* whereW, is the FWHM of the ring, and 22 634.330 cni as a function of 1¢2t) are shown in Fig. 4,

I(x) = g 0w

all other parameters are as defined for &j). Equation(8) illustrating typical results. There are 77 line-center measure-
contains the asymmetry of the ring peaks, which decreasagents in total, with 47 of those made at the maximum spac-
with increasing ring radius. ing. The linear fit gives §=-0.006 36§15 and o

The Gaussian-envelope parametdgsxg,W and the =22 634.330 266). Uncertainties for the parameters of the

backgroundB are determined by modeling the entire ring Jinear fit have been scaled by the square root of the reduced
pattern as in the “Airy method”. Except fdg, they are fixed  cpj-squared V¥ guce™ 1.7).

during the fit of a single ring peak. Because(o) is a smoothly varying functiof;*?a more
accurate value can be obtained by fitting the data for our
IV. MIRROR PHASE SHIFT CORRECTION whole range of wavelengths to a single functioncofThe

The formula for the “unknown” wave number given in statistical information is only sufficient for a linear fitNote
Eq. (4) does not include the effect of the phase change upoHat the dependence over the full range from our region to
reflection from the Al mirrors. It is convenient to include the 632.8 nm isnot linear and thus we do not constrain the in-
phase change at the reference wavelength in an effective mifercept The dependence af on o over the spectral region
ror separationt, and introduce a wave—number-dependentOf interest is shown in Fig. 5. Uncertalyntles for the param-
relative phase correctiom(a) which is zero ato,. Hence eters of the linear fit have been scaledWif.q,ceq=2-1. The

Eq. (3) becomes rms residual from the fit to these data is 0.000 43 and the
B maximum residual is 0.000 84. For an étalon spacing of
o=[P+e+da)]/2t. (9 225 cm, choosing=-0.004 3243) at =21 615 cnmi (the

The standard method of determining the phase correction isenter of the wave number ranggelds a phase correction
to measure the same wave number at two mirroto o of —2.93) MHz, or a fractional correction of 4(4)
separationé’,10 sometimes referred to as the “method of vir- X 10°°. Thus the phase correction is essential, but its uncer-
tual mirrors.” It can be seen from Eq&) and (9) that the  tainty contributes only about 4 parts in@o the error bud-
wave number measured without taking the phase correctioget.
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-0.001 - 10X worse for the symmetric functions. These tests
were done by averaging up to 100 simulations with ran-
-0.002 1 dom noise.
-0.003 1 The differential refraction of the unknown and reference in-
terference patterns by the wedged substrate of the final étalon
-0.004 4 mirror was examined theoretically and found to be inconse-
O quential at our level of precision.
o -0.005
-0.006 -
B. Experimental tests
-0.007 1 The simulations were complemented by a number of ex-
perimental tests for systematic problems. One of the most
-0.008

important relies on the ability to scan the étalon spacing
systematically using the PZT actuators. The addition of sys-
tematic variation of the étalon spacing represents a marked
FIG. 5. The wave-number-dependent phase correcfien arising from improvement over previous wavelength meters employing a
reflections in the Fabry—Pérot étalon has been measured at 10 different wafixed-spacing étalon that required a series of wavelength
qumbers(see Fig. 4 for a typical measurempand analyzed with a linear  measurements acquired over several days as the étalon spac-
fit ing slowly drifts to build a set of measurements spanning
significantly different values of for both the reference and

V. SYSTEMATIC ERROR INVESTIGATION unknown lasers.

Comparison of the dye laser wave number computed  With the dye laser frequency-locked to the side of a satu-
from fractional orders derived by these two independenfated absorption feature, its wave number is repeatedly mea-
methods serves as a check for computational and systemafigred as the étalon spacing is stepped through a small change

T T T T T 1
20250 21000 21750 22500 23250 24000

c (cm'1)

errors in analysis. in distance. The initial étalon spacing is determined by the
method of exact fractions. After a measurement of the dye
A. Computer simulations laser wave number, the computer reduces the étalon spacing

Modified Airy patterns were computer-simulated under aEy a smal amount(_At-6.3 nm correspondmg (0AE e

. . . . =0.02, computes a trial value for the new spacing, and per-

variety of assumptions in order to evaluate possible causes %rms another measurement. This is repeated 50 times until

systematic error in values @f and hence in the final wave . ) pe: .

numbero. The main conclusions are as follows: the mlrr£>r comple_tes a full cycle of '_[ra.nslanon corresponding

to Ae=1. A typical standard deviation for these 50 mea-

(1) The value ofe is not sensitive either to creating a pattern surements, which is used as the measurement error, is less
with one envelope functiofe.g., Gaussignand analyz- than 1 MHz. The laser wave number is then re-measured at
ing it with another(e.g., triangulay, or moderately shift- the opposite lock point of the saturated-absorption line shape
ing the analysis envelope relative to the creation enveand the two results are averaged to produce a single deter-
lope. mination of the transition wave number.

(2) The value ofe is not sensitive to integrating over pixel This important diagnostic procedure uncovered a subtle
height. This was determined by including this integra-systematic error which we were able to eliminate by chang-
tion in the simulation of a pattern with a known value of ing the procedure used to focus the ring pattern, as well as
g, but then analyzing that pattern ferusing a model the projection lens used at small mirror spacings. Repeated
that assumes zero pixel height. The ability to ignore thiswave number measurements of the dye laser locked to a
integration in the analysis of the Airy pattern dramati- saturated absorption line were made as the étalon spacing
cally sped up data acquisition. was scanned over one order of interference at 632.8 nm. A

(3) Ignoring the central region of the Airy pattern in the plot of the measured wave number versus HeNe fractional
analysis produces closer agreement between the tworder, at a small mirror spacing=6.7 mm, shown in Fig.
methods of analysis. Whes is near O or 1, there is a 6, illustrates obvious discontinuities. It is apparent from Eg.
broad central “bull’s eye” whose shape is quite sensitive(4) that at shorter spacings, where the integer part of the
to the envelope function but contributes very little to the order number is smaller, this effect is magnified. These dis-
knowledge ofe, and for other values of, the central continuities arise at the two spacings where eith@r &
region contains only noise. In all our data analysis thecrosses 0 or 1. It is precisely at these two points that the
central region is, therefore, omitted. analysis procedure for determination ofrom the ring pat-

(4) In the rings method, fitting the individual peaks with the tern ignores another innermost ring in order to exclude the
function of Eq.(8) gives better results than a symmetric central section as described above. Since the measured wave
function such as a parabola or a Gaussian. The use efumber must be independent of the étalon spacing as well as
Eqg. (8) produces fractional differences between inputthe portion of the Airy pattern we choose to analyze, these
and analyzed values af at a level of 2<1071° (com-  discontinuities suggested to us that there might be a system-
parable to the “Airy method, compared to typically atic deviation of the measured ring pattern from the theoret-
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03350+ Another potential source of systematic error is the re-
0.3345 cording of a slice of the Airy pattern that is not along a
- 03340 . . " diameter. To ensure that the PDA is aligned with the center
'g . ¢ et . of the ring pattern, the PDA is translated in the vertical di-
3 0.3335+ Se, et ° . . rection while simultaneously monitoringand looking for a
9 03330 o o * ° maximum. Repetition of this process by different individuals
R 03325 ] leads to a scatter in the measured wave number of no greater
E than 0.2 MHz, and is implicitly included in the error budget
© 03320 .« 0 ® . as part of the item “reproducibility of resultgsee below.
0.3315 .o The position of the incoming laser light on the scattering
03310 ] * wheel is then re-optimized to ensure maximum intensity re-
corded on the PDA(Although the interference pattern de-
033051 pends only on the projection lens, the intensity envelope de-
0~330002 - Y, - o e " pends also on the collimating lens and the source location.
’ ’ ’ ’ | ) This procedure is then repeated several times. The PDA is
Erer also translated horizontally so that the observed ring pattern,

. as reported by the analysis software, is centered on the array.
FIG. 6. Measured wave number,.,s VS fractional order numbes,. A P y y Y

systematic effect is clearly evident in the measured wave numbePSfez

saturated absorption line as the étalon spacing is varied through one order of

interference at 632.8 nm. These discontinuities, which arise when eitirer

erer Crosses 0 or 1, are evidence of deviation of the measured ring patteny|. RESULTS AND DISCUSSION
from an Airy pattern. This problem was eliminated by a new focusing pro-

cedure and a more achromatic projection system. A series of identical measurements of a given Doppler-
free saturated absorption line acquired over a few minutes
reveals a statistical scatter that is much less than 1 MHz.
ical Airy pattern(modified by the intensity envelope func- Repetition of measurements of that transition on subsequent
tion). days or after major changes of the alignment of the optics
We then improved our data acquisition program to dis-produces small systematic shifts in the measured wave num-
play in real time the residuals from the fit to E) in the  ber. The probable sources of these shifts are distortions of the
rings method, and indeed observed a nonrandom pattern. \\dserved ring patterns due to changes in alignment of the
found that we could remove this effect from either the HeNePDA with respect to the center of the pattern, the focusing of
pattern or the dye-laser pattern, but not both at the samthe final projecting optics onto the PDA, aberrations in these
time, by means of a small adjustment of the focus of thefocusing optics, or even changes in adjustment of the étalon
projection lens(1 to 2 mn), which consisted of a 500 mm parallelism. Repeated measurements of transition wave num-
focal-length achromatic lens in the case of the small mirrobers taken at the longest étalon spacing over several weeks
spacings. This suggested that the observed effect was due have a standard deviation of 0.98 MHz, which we adopt as
chromatic aberration. We substituted a combination of twoour estimate of the reproducibility of the measurements.
different achromats with an effective focal length of 666 mm  Typical pressure shifts for saturated absorption line cen-
to improve the compensation for this effect. The Schmidtters in this wavelength region and temperature are
Cassegrain telescope used to project the ring patterns onte0.75 MHz/mbar"®™*8 For a 0.13 mbar uncertainty in the
the PDA for the longest étalon spacings exhibited essentiallyfe,-cell pressure arising from the 6°C temperature uncer-
zero chromatic aberration. tainty, the uncertainty in the pressure shift should be
It was then necessary to find a new criterion for position-<0.1 MHz. Since the pressure shift varies witha conser-
ing the PDA at the focal plane of the projection optics. Ourvative estimate of the uncertainty due to pressure shifts is
original method was to choose a PDA position that maxi-0.3 MHz. Uncertainties in the offset-lock frequency are less
mized the observed finesse. We subsequently found that tlikan 0.2 MHz. Other uncertainties such as the frequency of
optimum focusing condition is obtained by monitoring plots the reference laser and dispersion in the index of refraction
of the residuals from the rings method linear regression, asf residual gas in the evacuated FP étalon are negligible at
well as observing the fringe pattern and a numerical displayhis level of precision. Assuming that the uncertainties in
of the finesse for both reference and “unknown” lasers. Smallletermination of the phase dispersion correctio:3 MHz),
changes from the optimum focusing distanee5 mm for  measurement reproducibili0.98 MH2), pressure shifts of
the 666 mm-focal-length achromatroduce obvious system- absorption line center$0.3 MHz), line shape asymmetry
atic deviations from zero in these residual plots, which tend0.2 MHz) and offset-lock frequency0.2 MHz) are inde-
to be similar for both lasers. The PDA position is changedpendent, they have been added in quadrature to obtain a
until the residuals are minimized and the plots are flat forl.1 MHz or 0.000 037 ciit overall estimate for the uncer-
both lasers, and the observed finesses, adjusted by the mirr@inty in the wave number determination of thé@é’e2 tran-
PZTs, are at a maximum. Data are always taken with a seriesitions. The error budget is summarized in Table I.
of values ofe, corresponding to an order change of 1 to Measurements OIFOTeZ transitions spanning the spectral
check that discontinuities in the plot of measured wave numregion from 20 369 to 23 531 ¢t using the longest étalon
ber versus: have been eliminated. spacing, have been corrected for the reflective phase shifts in
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TABLE I. Measurement uncertainties. See text for further explanation.

Broadband precision wavelength meter 3325

National Institute of Standards and Technology, Gaithersburg
Md., for many stimulating and encouraging conversations.

Source of uncertainty UncertaintylHz) Finally, the authors would like to thank Mr. Harry Chen for
Residual gas index of refraction dispersion negligible technical assistance with electronics and Mr. Grant Wu and
Reference frequency negligible Mr. Ryan Rivest for early development work on our Michel-
Offset-lock frequency 0.20 son wavelength meter and the saturation-spectroscopy appa-
Absorption line shape asymmetry 0.20 ratus.
Pressure shifts 0.30
Phase-shift determination 0.30
Reproducibility of resultgstatistica) 0.98 APPENDIX: METHOD OF EXACT FRACTIONS
Overall total(quadraturg 1.10 The “method of exact fraction&® determines the integer

part of the order numbeR, and a precise value of the mirror
spacingt, by making use of determinations of the fractional

he étal . . ith th | ¢ he fi part, e, for at least two reasonably well-known wave num-
the eta on mirror coatings with the valuesdtr) from the 'F bers. From Eq(4) we see that the order numbers must sat-
shown in Fig. 5. These results and previousig

measurements’*®are summarized in Table Il. The agree-

ment with previous high-accuracy work of similar uncer-

tainty is excellent, supporting the assertion that these mea- P2+t _%2 (A1)

surements of Doppler-free saturated-absorption transitions in  P;+&; oy

tellurium are accurate standards at the +1 MHz level. We are

in the process of increasing the number of measured tran

tions in the spectral range from 21500 to 23 750°¢f0r 1\ the measured values of and &,, we obtain initial
0Tez, where no other convenient frequency standards ex'séuesses foP, and P,. A search of integer values for the

at this level of precision. We are also planning to Incorporatq, ey then determines the pair that make the fractions agree.
frequency-modulation spectroscopy as a replacement for the i, the advent of tunable CW lasers, it makes sense to
DC ratio Tethod of frequerjcy-locklng the dye laser to theinquire if there is an efficient way to choosa, o, ... to
saturated OTeZ fez_ﬂures. This should improve th_e_meas_ure_'maximize the efficiency of this procedure, given that arbi-
ment scatter and increase our rate of data acquisition S'Qn'f{'rary wave numbers can be generated and measured @
cantly. We also intend to extend the wavelength measures, o te accuracy with a traveling Michelson wavelength
ment range of the instrument into the infrared region. Themeter Indeed. we have found a method in whichsearch is
only necessary change involves the replacement of the silijecossaryour idea is to choose wave numbers separated by
con PDA with an InGaAs array. intervals that form a geometric progression

SUsing an approximate value gfknown values ofr; and o,

ACKNOWLEDGMENTS 0= 0j-1= r(o'j_l - 0']-_2). (A2)
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neering Research Council of Canada. The authors would likeiently counted for examples; —op=1 cni?, corresponding
to thank Dr. Alan Madej of the National Research Council ofto P;—Py=30 for a 1 GHz-FSR étalon. Then, at each step
Canada’s Institute for National Measurement Standards foof the procedure we determine the difference of integer or-
assistance in transferring laser frequency-offset-locking techders exactly by using the approximate from the previous
nology to our laboratory and Dr. Craig J. Sansonetti of thestep,

TABLE II. Saturated absorption measurements-8Te,. Measurements of wave numbedsn™?) of 10 tran-
sitions in13°Tez, spanning the region from 425 to 491 nm are compared with existing high-accuracy work.

Gillaspy and Sansonetti Mcintyre and Hansch Barwoodet al.
This work (Ref. 7) (Ref. 17 (Ref. 19

20 369.513 70@B7)
20 476.871 02@87)
20 569.705 51¢87)
20 769.195 16@7)
21 020.718 47@7)
21 626.668 96(B7)
22 184.304 88@&7)
22 634.330 2787)
22 970.191 92@37)
23530.779 79B7)

20 369.513 70614)
20 476.871 01B0)
20 569.705 51014)
20 769.195 16014)
21 020.718 444

20 476.871 06R0) 20 476.871 033.6)
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