
PHYSICAL REVIEW A VOLUME 43, NUMBER 9 1 MAY 1991

Interferometric measurements of ' Tez reference frequencies
for 1S-2S transitions in hydrogenlike atoms
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The frequencies of five Doppler-free "Te2 transitions at 486 and 488 nm have been measured in-
terferometrically with reference to an iodine-stabilized 633-nm He-Ne laser. These frequencies are
useful as transfer standards for 1S-2S transitions in deuterium, hydrogen, positronium, and muoni-
um. A comprehensive study of the reproducibility of such tellurium reference standards has been
made. Under the conditions specified, the frequencies of components d4, b2 b&, e3, and i 3 in telluri-
um were found to be 613 881 149. 1, 616513894.9, 616678855.8, 616803544.7, and 616806134.5
MHz, respectively. The overall standard deviation of frequency measurements on FM saturated tel-
lurium spectra was 0.47 MHz across several cells, with 0.18 MHz day-to-day reproducibility for
each cell. A comparison has also been made between the results reported here and our earlier mea-
surements on tellurium [J.R. M. Barr, J. M. Girkin, A. I. Ferguson, G. P. Barwood, P. Gill, W. R.
C. Rowley, and R. C. Thompson, Opt. Commun. 54, 217 (1985)].

INTRODUCTION

There has been significant interest in recent years in es-
tablishing reference frequency standards near 486 nm us-
ing Doppler-free saturated spectra in molecular tellurium
vapor. ' Such spectra can be used to provide suitable
transfer standards for the absolute frequency measure-
ment of narrow-linewidth 1S-2S transitions in hydrogen-
like atoms. A knowledge of the 1S-2S frequency to a
high precision in hydrogen and similar species such as
deuterium, positronium, and muonium can lead to im-
proved determinations of the Rydberg constant or the
ground-state Lamb shift, for example, and direct experi-
mental tests of QED.

A number of interferometric frequency measurements
of specific saturated spectra in tellurium vapor near 486
nm have already been made. Original measurements'
were of Doppler-free spectra close to one-half of the
1S-2S (243-nm) two-photon transitions in hydrogen and
deuterium. Subsequently, measurements of a tellurium
component near the 1S-2S 486-nm two-photon positroni-
um transition, and a further component near one-half of
the muomum 1S-2S (244-nm) two-photon frequency,
were achieved, but relative to the original measure-
ments. ' Some discrepancies were evident from compar-
ison of all these results, ' both in frequency values and
the stated conditions relevant to some measurements.
Recently, new independent interferometric measurements
were made at the appropriate tellurium components
relevant to the hydrogen, deuterium, and positronium
transitions. These results were in good agreement with
earlier measurements that used the same tellurium cell
and oven arrangement. "'

Against this background, it was expected that potential
problems existed relating to the cell-to-cell tellurium fre-
quency reproducibility, and between different methods of
determining the true cold point and hence the vapor pres-
sure within the cell. The Southampton cell-oven system'
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used in our original measurements had no sidearm to
provide independently controllable vapor pressures, and
thermocouples were used to monitor cell-wall tempera-
tures. Subsequent workers have adopted a linear absorp-
tion criterion to verify the vapor pressure.

The study reported here was undertaken in order to
provide a more wide-ranging assessment of tellurium fre-
quency standards. New and independent frequency mea-
surements of FM saturated tellurium spectra relevant to
the 1S-2S transitions in hydrogen, deuterium, positroni-
um, and muonium are reported. The investigation in-
volved a study of six tellurium cells, all purchased from
the same manufacturer, " together with further measure-
ments of the original cell in its original oven. The new
cells all had a 50-mm sidearm, to provide a cold point to
control the vapor pressure, and were housed in newly
designed ovens. The oven design, described more fully
below, provided better thermal insulation and tempera-
ture control than the original system. Particular notice
has been paid to the assessment of day-to-day reproduci-
bility using a particular cell, cell-to-cell variations, and
the equivalence between different methods for monitoring
conditions. Various potential sources of frequency shift
have been investigated, and the results on the original cell
are reassessed in the light of new data. Finally, the fre-
quency measurements reported here are compared with
those of other workers.

OBSERVATION OF DOPPI ER-FREE
TELLURIUM SPECTRA

Tellurium Doppler-limited absorption spectra have
been observed and catalogued for wavelengths between
420 and 540 nm. ' The commercially available cell is
filled with isotopically pure ' Te, providing a simpler set
of spectroscopic lines than would natural tellurium,
which is comprised of eight isotopes. The spectrum of
tellurium is, however, still complicated because transi-
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FIG. 1 Oven arrangement used for control of the tellurium
cell-wall and cold-point temperatures. The outer housing,
shown as a circular cross section, is of stainless steel. The space
between this and the heater is filled with expanded mica, to pro-
vide thermal insulation.

tions to two electronic [ 3 (0„+) and B (0„+)] states are
allowed from the ground state. '

The cw laser used to interrogate the tellurium lines was
a Coumarin-102 standing-wave dye laser (Coherent 599-
21). Approximately 15 mW single-mode output was pro-
duced with fresh dye, when pumped with 1.3 W violet
output from a Coherent K-3 krypton laser. As the dye
degraded, the krypton-laser power had to be increased to
3 W to maintain 15 mW dye laser output.

The ' Te2 cell was 75 mm long, 25 mm in diameter,
and had a 50-mm sidearm. It was heated in an oven
designed at the National Physical Laboratory (NPL) and
shown in Fig. 1. Three heaters were provided, each with
a separate temperature control circuit using a type-K
thermocouple for feedback control. The heaters were
wound noninductively to prevent any perturbation to the
transitions from ac magnetic fields. It had previously
been observed that some ' Te2 lines were susceptible to
Zeeman shifts, ' although not those actually used for the
frequency determination. Two of the three heaters con-
trolled the wall temperature and the third controlled the
sidearm temperature. A precalibrated fourth thermocou-
ple (type R) was also attached to the sidearm as a monitor
and, during initial tests, agreed with the feedback ther-
mocouple to within +1 C. The type-K thermocouples
had a stated accuracy over the temperature range used of

2'C. Thermal insulation was provided by a filling of
expanded mica between the heaters and outer stainless-
steel housing. This outer housing was water cooled to a
temperature close to ambient to ensure that the heaters
did not cause air convection around the cell and hence
perturb the pointing stability of the laser beams. Finally,
the oven was purged with argon, partly to protect the
heaters from oxidation and partly for safety reasons, in

ell

the case of tellurium cell breakage. Two such ovens were
constructed. In both systems it was observed that there
was a minimum temperature difference necessary be-
tween the cell wall and sidearm to ensure that the cell
cold point was located in the sidearm. If this tempera-
ture difference was too small, then tellurium condensate
was observed to form in the center of the cell windows.
In one oven, this was observed to occur for temperature
differences of less than 13'C and in the other oven, less
than 29'C. All the results reported here were therefore
obtained with a 30'C temperature difference to guarantee
that the vapor pressure was controlled by the sidearm
temperature.

Tellurium Doppler-free spectra were observed relevant
to the four 1S-2S transition frequencies in deuterium, hy-
drogen, positronium, and muonium. The apparatus for
observing these spectra is shown in Fig. 2. In order to
achieve the best signal-to-noise ratio for these spectra, it
was decided to observe them by fast frequency modula-
tion (FM) techniques. ' ' This technique has been al-
ready demonstrated in the observation of saturated iodine
spectra, observed with dye' or He-Ne lasers. ' ' The
technique has been reported previously for dye laser sta-
bilization to tellurium, but without published details of
the FM tellurium spectra. FM spectroscopy is a particu-
larly powerful technique when used with dye lasers, since
it allows signal recovery at frequencies above those where
intensity noise is prevalent (i.e., less than a few MHz).
FM techniques provide detection sensitivities close to the
shot-noise limit.

As shown in Fig. 2, the dye laser output is split into a
saturating beam and a weaker probe beam, which coun-
terpropagate in the tellurium cell. Futher pickoff beams
are provided for a commercial wavemeter' and a 1-m
etalon is used for the precision interferometric frequency
measurements, as described later. The saturating beam is
frequency shifted by 40 MHz by an acousto-optic modu-
lator (AOM) and chopped at 1 kHz. The retardation
plate and polarizing beam splitter (PBS) are used to make
the saturating beam cross polarized with respect to the
probe beam. The purpose of this, together with the
acousto-optic modulator, is to provide optical isolation
between the saturation experiment and the laser. In-
terference effects caused by spurious scattering from vari-
ous optical components would otherwise cause a back-
ground signal on the observed spectra. It was found that
polarization or an acousto-optic modulator alone were
insufficient to provide adequate isolation. The probe
beam was phase modulated with an electro-optic modula-
tor (EOM), driven from an oscillator via a power
amplifier and coupled into the modulator via a resonant
coil. The probe signal was detected by an avalanche pho-
todiode (APD), amplified and demodulated in the double
balanced mixer (DBM). The use of cross-polarized probe
and saturating beams also allowed the use of the polar-
ized beam splitter to pick off all the probe beam for the
detector. Care was taken to ensure that the avalanche
gain was sufficient for the signal-to-noise ratio in the
detection system to be photon noise limited.

The theory of the technique of FM spectroscopy has
been fully described elsewhere. ' ' Purely phase-



43 INTERFEROMETRIC MEASUREMENTS OF ' Te2 REFERENCE ~ . . 4785

To 1-m etalon

To wavemeter

C 102
Dye laser

AOM Chopper
C3

Power
amp

rizer

Te2 cell

$ /2

( APD
PBS

Aperture —~—
l~

RF osc.

DBM

LO RF

PSI3
Reference

Integrator
input

FIG. 2. Experimental arrangement for dye-laser stabilization to saturated spectra in tellurium.

modulated light should contain no associated amplitude
modulation and so no output signa1 is then observed from
the DBM. However, when the laser is tuned close to line
center, the presence of the tellurium causes an imbalance
in the amplitude or phase relationships of the modulation
sidebands. This produces an rf beat signal at the detector
which is demodulated to give a strong dc signal from the
intermediate frequency (IF) output port of the DBM.
The relative rf phase between the DBM local oscillator
(LO) and "rf ' inputs determines the shape of the ob-
served discriminant. For frequency-stabilization pur-
poses, a dispersion-type shape is necessary and this condi-
tion was obtained by adjusting the length of cable to the
LO input to the DBM. The Doppler-free components
recovered in this manner were then superimposed upon a
Doppler-limited background. The phase-sensitive detec-
tor (PSD) was used to recover the signals on a tlat back-
ground in a manner similar to that reported for iodine. '

The Doppler-free spectra for the four groups of telluri-
um lines under investigation obtained in the manner de-
scribed above are shown in Figs. 3 and 4. These spectra
were obtained with a cell-wall temperature of 550'C and
a cold point of 520'C. The lines are labeled in the
manner of previous publications' ' and the suffixes 1 to
4 refer to the spectral regions relevant to deuterium, hy-
drogen, positronium, and muonium, respectively. These
spectra were obtained with a phase-modulation drive fre-
quency of 47 MHz and a modulation index of 0.4. Better
signal-to-noise ratios were projected for higher drive fre-
quencies (i.e., several times the broad tellurium
linewidth). Although spectra were obtained with an 87-
MHz modulation frequency, the signal-to-noise ratio was
actually better at 47 MHz, although the reason for this is

1 GHz

C) g)

Frequency

FIG. 3. Doppler-free FM spectra in "Tez close to the fre-
quency equal to a quarter of the 1S-2S transition frequency in
(i) deuterium and (ii) hydrogen. The modulation frequency is 47
MHz. Component c, is broad and so was too small to be ob-
served at this modulation frequency. Component e2 lies in the
high-frequency wing of d2.
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FIG. 4. Doppler-free FM spectra in ' Te2 close to the fre-
quency equal to (ij a half of the 1S-2S transition frequency in
positronium and (ii) a quarter of the 1S-2S transition frequency
in muonium. The modulation frequency is 47 MHz.

FIG. 5. Selection of scans over various Doppler-free telluri-
um spectra with a 87-MHz modulation frequency. The wide
variety of linewidths and the small asymmetries obtained are il-
lustrated in this figure.

not clear. For this drive frequency, a maximum signal-
to-noise ratio of 200 was obtained on line b& for a PSD
time constant of 0.1 s. On this line, the residual back-
ground noise corresponds to a frequency uncertainty in
the lock position of +30 kHz.

MEASUREMENT OF FEATURE LINEWIDTH
AND LINEAR ABSORPTION

The dispersion line shapes for six tellurium lines, ob-
tained for a modulation frequency of 87 MHz and 520'C
cold-point temperature, are shown in Fig. 5. These spec-
tra display a more characteristic dispersion-shape profile
than Figs. 3 and 4, due to the higher modulation frequen-
cy. Tellurium transitions display a variety of linewidths,
all considerably larger than typical iodine linewidths of a
few MHz. Asymmetries have also been reported for tel-
lurium lines, and these may be observed in Fig. 5. The
full width at half maximum (FWHM) linewidths for the
lines b„b2, e3, i3, and d4 were 11, 18, 16, 18, and 16
MHz, respectively. Such broad linewidths indicate that

we should not expect such a good reproducibility from a
tellurium-stabilized laser as from one stabilized to iodine.
For the b& line, the broadening as a function of tellurium
vapor pressure was also measured and found to be 34
kHz Pa '. The linewidths measured here agree with
those previously published, within experimental error, al-
though the previously published measurements were
made at a slightly lower pressure. The FM spectra pro-
vide a particularly convenient method for linewidth
determination, since calibration of the frequency scale is
readily provided by the fact that the subsidiary zero
crossings of the dispersion shape are 87 MHz apart, cor-
responding to the modulation frequency. Both the
drive-frequency interval and the linewidth (FWHM) are
indicated in Fig. 5, for one of the tellurium lines, to illus-
trate the measurement.

Linear absorption of the tellurium vapor has previous-
ly been used ' as a basis for checking the efFective tern-
perature of the cold point, and hence the vapor pressure.
The absorption line used is an isolated absorption about 9
GHz below the frequency of the b2 line. It was verified
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FIG. 6. Linear absorption as a function of cold-point temper-
ature on a tellurium line 9 GHz less than the frequency of the
b2 line. The varying amounts of tellurium in three cells give rise
to three different break points where the absorption no longer
follows the expected (solid) line. Data above and below the
break point are indicated by circles and crosses, respectively.

that only one Doppler-free feature could be observed
within the Doppler-limited profile. For a cell length l,
containing N molecules per unit volume, the expected ab-
sorption is 1 —exp( —Vol), where o is an effective ab-
sorption cross section. To obtain this as a function of
temperature, it is necessary to express N as a function of
temperature. ' There is also the possibility that the ab-
sorption may vary with wall temperature, rejecting a
change in the ground-state occupancy. For a cold-point
temperature of 520'C, however, a rise in the wall temper-
ature from 550 C to 660 C increased the absorption by
only 5%%uo. Figure 6 shows the measured absorption versus
temperature for three particular cells. It is immediately
apparent that the observed variations do not correspond
to the expected theoretical dependence at high tempera-
tures. "Break points" are observed, above which the ab-
sorption fails to reach expected values, and which vary in
temperature from 505 C to 585 'C for the six cells investi-
gated. We suggest that this occurs because, at this break
point, all the available tellurium has been vaporized.
Above this temperature, the molecular density remains
constant. The temperatures of 505 C and 585 C corre-
spond to vapor pressures of 98 and 562 Pa. These pres-
sures correspond to the cells containing only 0.14 and 0.7
mg of Te, respectively. Above the break point, the ab-
sorption increases only slightly, similar to the slight in-
crease with wall temperature noted above. The absorp-
tion data below the break points for all cells have been
averaged, and fitted to the absorption formula given
above using at least-squares fit. The fit yields
o =7.2X20 m, and is drawn as the solid line in Fig.
6. The root-mean-square error of the fit is 2.7%, and the
cell-to-cell agreement using the two ovens at 520'C was
+2%%uo.

In previously published work, the absorption at the
working temperature was set to 23/o and, from Fig. 6, it
may be deduced that this corresponds to a temperature of
480'C, whereas a temperature of 513 C was recorded.
This probably suggests that 513 C was a wall tempera-
ture, and that there is a temperature difference of 33 C
between the hot and cold points, similar to our system.

LASER FREQUENCY STABILIZATION
TO ' Te2 TRANSITIONS

In order to make measurements on the frequencies of
the various tellurium transitions, the dye laser was fre-
quency stabilized to each component in turn. The output
signal from the PSD was fed via an integrator to the
external input of the dye-laser control box. The acousto-
optic drive frequency was +40 MHz, resulting in dye-
laser stabilization at +20 MHz above line center, ' and
this offset was corrected for in the final results. The PSD
reference input was obtained from the chopper frequency
of =1 kHz. The probe beam in the tellurium cell had a
beam radius w(=1/e amplitude radius) of =0.17 mm,
and the saturating beam radius was =0.47 mm. With
the normal dye-laser operating power (P) of 15 mW, the
probe and saturation powers were 0.14 and 4 mW, re-
spectively. This corresponds to peak power densities
(=2P/vrw ) of =3.1X10 and 12X10 Wm, respec-
tively. The tellurium cell was operated at a cold-point
temperature of 520'C, with a wall temperature of 550'C.
These conditions are the same as those used to obtain the
spectra of Figs. 3 and 4.

INTERFEROMETRIC FREQUENCY MEASUREMENTS

Interferometric frequency measurements of the stabi-
lized dye laser with respect to a 633-nm iodine-stabilized
reference laser were made using an evacuated 1-m plane
mirror Fabry-Perot interferometer. A fuller description
of the operation of the interferometer has been given in
previous publications. ' Two spacers were available, to
provide free spectral ranges of 7.5 GHz and 150 MHz us-
ing the same etalon plates, which enabled the phase shift
of the plates at 486 nm to be determined. The length of
either spacer could be independently determined using
frequency-stabilized He-Ne lasers of known frequency at
543 and 612 nm. A commercial wavemeter' was
verified to have an accuracy sufticient to determine the
order number at 486 nm for the shorter etalon. The re-
sults from the shorter etalon are then sufhcient to deter-
mine the order number in the blue for the longer etalon.
Measurements on the shorter etalon were performed us-
ing components 6, and i 3. Alternative sources for values
of the tellurium frequencies, su%ciently accurate to deter-
mine the order number of the 1-m etalon, are found in re-
cent publications. ' In addition, the frequency inter-
val between components e3 and i3 was determined ap-
proximately by counting the 17.5 fringes of the 1-m
etalon, while scanning the dye laser between the com-
ponents. The excellent agreement between all these
sources provides complete assurance for the correct
determination of the longer etalon order number for all
five lines.
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In the experimental arrangement of Fig. 2, a significant
advantage over the method previously employed' is that
the dye-laser light is unmodulated. This is essential for
the proper operation of the 1-m interferometer, since
modulated light broadens the fringes of the 1-m etalon
causing systematic offsets. The stabilized dye-laser fre-
quencies were determined by interferometric comparison
with the 633-nm light from a He-Ne laser stabilized to
component "i" of the 11-5 R(127) transition in ' Iz. A
value of 473 612 214.8 MHz for the frequency of this laser
has been assumed in measuring the tellurium frequencies.
The laser was an NPL reference system, operated under
preferred conditions. It has a resettability of about 1

part in 10" and its frequency is within 4 parts in 10" of
the mean of a number of lasers from other national stan-
dards laboratories with which it has been compared.

The stabilized dye laser was frequency servocontrolled
to components b „b2, e3, i 3, and d4. Components b, and
bz are those previously measured at NPL in our original
determination. ' Components e3 and d~ have been mea-
sured at Stanford ' and so were chosen for our deter-
mination. However, component e3 lies on a second broad
feature, especially noticeable when observed by amplitude
modulation techniques, and so it was decided to measure
an alternative component near the positronium line. Line
i 3 is a strong, relatively narrow transition, on a Aat back-
ground, and therefore appeared suitable for stabilization
pul poses.

Frequency measurements were performed on four of
the available six cells, using the 1-m etalon, the remaining
two cells (labeled C and D) having too little tellurium for
measurements under the chosen conditions. A total of
113 observations were made under the standard operat-
ing conditions, each observation being an 8-min average.
For each of the four cells, all five tellurium components
were measured on at least four different days. These
measurements provided values for the day-to-day fre-
quency reproducibility of the laser using a given cell, and
also shifts attributable to the cell itself. The day-to-day
reproducibility was 0.18 MHz (one standard deviation),
although cell-to-cell shifts of up to 0.7 MHz were record-
ed for the new cells. This range is well outside that ex-
pected from the temperature uncertainty of +2'C. The

temperature uncertainty agrees well with the +2% repro-
ducibility on the absorption measurements, but corre-
sponds to a pressure uncertainty of only +8 Pa at 520'C,
or +70 kHz frequency change. These figures are all in-
cluded in the error budget of Table I. In this table, the
last five entries concern the performance of the iodine-
stabilized reference laser and the tellurium-stabilized dye
laser. The first five entries relate to the operation of the
1-m etalon. The entry for "prismatic imbalance" refers
to the effect of a possible relative displacement between
the red and blue Fabry-Perot rings that are imaged onto
the detector pinhole. Due to imperfect relative alignment
of the wedge angles of the etalon plates and the windows
of the vacuum vessel, which act as small-angle prisms,
images in the different colors may be slightly displaced.

Within the overall reproducibility of 0.18 MHz for a
particular cell, no significant shifts in frequency were ob-
served on changing a number of operating parameters.
These included the rf frequency to the electro-optic
modulator (operated at 47 and 87 MHz), modulation in-
dex (using m =0.4 and 0.2), and cell-wall temperature
(varied from +30'C to +60 C above the cold point).
Under the normal beam-focusing conditions, reducing
the laser power to 50% of normal also produced no ob-
servable shift. However, shifts of up to 1 MHz could be
observed when using tighter beam focusing. With a simi-
lar laser power to normal, these tighter focusing condi-
tions corresponded to w =42 pm (for the probe beam)
and w =126 pm for the saturating beam. Both beam
power densities were then about 15 times that normally
used. With the normal, weaker focusing, the observed
frequency did not change significantly within the overall
statistics, either with time or with optical realignment.

The most significant parameter affecting the optical
frequency is the Tez vapor pressure. The effect on the b2
line of increasing Te2 vapor pressure is shown in Fig. 7
for cell A. It is immediately observed that there are two
portions to this curve. The results of Fig. 5 suggest that
all the tellurium in this particular cell is vaporized at
577 C (480 Pa). Therefore, the true shift with pressure is
the steeper curve, for P &480 Pa. For P &480 Pa, the
gentler slope is presumably only due to ideal-gas expan-
sion. The break-point temperature observed from pres-

TABLE I. Measurement uncertainties.

Source of uncertainty

Phase-shift determination
Flatness and illumination uniformity
Prismatic imbalance (image shear)
Diffraction
Servo errors
633-nrn reproducibility
Te cell temperature (+2 C)
Repeatability of results (statistical)
Te cell-to-cell variation
633 nm (relative to definition)

Overall total (root sum of squares)

Standard deviation
(X10 ")

3
3
6
2
2
2

12
29
60
34

76 (=0.47 MHz)



43 INTERFEROMETRIC MEASUREMENTS OF "Te& REFERENCE. . . 4789

N

X

Ih

8 3

U

1

0
I

200
I f

400 600

Tet lurium vapor pressure ( Pa )

I

coo

O~
1000

FIT&. 7. Frequency shift as a function of pressure for the tel-
lurium b, line. This is measured using cell A, and the break
point of 480 Pa corresponds to that observed by absorption in

Fig. 5. The vapor pressure is that calculated from the sidearm
temperature, although, above the break point, the actual pres-
sure should only increase as expected for a nearly ideal gas.

sure shifts agreed to within +4 C with that observed
from absorption measurements for four of the cells. One
cell (C) had a discrepancy of 15 C between break temper-
atures measured in the two ways, and the sixth cell had
too much tellurium to determine a break temperature by
frequency-shift observations. Each of the pressure shifts
for the five lines was determined at least twice, using two
of the available cells. The average slopes for the tempera-
tures below the break point were, in kHz Pa ', —9. 1,—10.0, —11.3, —10.1, and —8. 8 for the lines d4, b2 b &,

e3, and i3, respectively. The estimated standard error of
the mean for these gradients is 0.3 kHz Pa '. In Ineasur-
ing pressure shifts, we have used the same reference ' for
calculating pressure from temperature as in previous
work. However, it is commented upon in one article
that such pressure measurements are rarely made to
better than +20%. If a new Te2 vapor pressure deter-
mination were made, or alternative data used, we may ex-
pect this to significantly affect pressure-shift gradients.
However, it is ultimately only sidearm temperature that

can easily be measured, and the frequency variation with
temperature will be unaffected by a vapor pressure
redetermination.

Table II summarizes the measured frequencies for a
sidearm temperature of 520 C for the five components
measured. The frequencies represent a mean for the four
cells measured, labeled 3, B, E, and I'. Also shown in
this table are the offsets from the mean of results mea-
sured with the four cells individually. The table shows
that the pairs of cells ( A, B) and (E,F) show similar
offsets. These pairs were purchased at the same time, and
such pairs of cells show similar character both as regards
the amount of tellurium and the measured frequency.
The results of Table II may be compared with fully in-
dependent measurements of the same components, once
a pressure correction is made to allow for the difference
in cell cold-point temperatures. A cold point of 480 C is
assumed to be the true cold point, rather than the 513'C
temperature quoted, as discussed previously. Once this
correction is made, the mean frequencies of the results re-
ported here are found to be higher by only +(0.2+0.2)
MHz, well within the cell-to-cell variations shown in
Table II.

The results reported in this paper have allowed a
reassessment of earlier measurements' with the original
cell and oven arrangement. The frequency values for b,
and b2 are not statistically different from those indepen-
dently measured, being about 1 MHz higher, with re-
ported standard deviations of 0.25 MHz' and 0.6 MHz,
respectively. The frequency of the b, line was remea-
sured using the FM technique, and with the original cell
and oven heated to give a wall-temperature thermocouple
reading close to that originally reported of 643'C. The
cell was first heated to well above this temperature to ver-
ify, from linear absorption measurements, that there was
adequate tellurium available. The observed frequency
was only 0.4 MHz lower than the original measurement, '

but higher than the mean of Table II by 1.3 MHz. Thus
the bI frequency with the original cell and recorded wall
temperature, but with a substantially different
frequency-stabilization technique, has been found to give
values within the observed day-to-day reproducibility for
a given cell. The work on the Rydberg constant that
used this cell ' does not therefore require a correction
from the results reported here. However, our recent
measurements of the optical absorption and a remeasure-
ment of the melting point of the tellurium in that cell
confirm that the coldest part of the cell was lower than
reported earlier. ' There was also no observable evidence

TABLE II. Measured tellurium frequencies (for a cell cold-point temperature of 520'C). Individual
cell shifts from the mean are also shown.

Line Frequency (MHz)
Individual ceil shifts (MHz)

8 E

d4
b2

bi
e3

l3

613 881 149.1
616 513 894.9
616 678 855.8
616 803 544.7
616 806 134.5

—0.16
—0.16
—0.48
—0.33
—0.20

—0.32
—0.41
—0.29
—0.34
—0.26

+0.27
+0.34
+0.42
+0.41
+0.27

+0.21
+0.22
+0.35
+0.26
+0.19
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of foreign gas broadening in this original cell. In a com-
parison of the b& linewidths in the original cell and a new
cell, the linewidths agreed to within +2 MHz.

CONCLUSION

This paper has presented the results of a detailed study
into the use of tellurium vapor absorption cells as refer-
ence standards for use in the absolute frequency measure-
ment of hydrogenlike species. The frequencies of five
Doppler-free tellurium features in the blue region (486
nm —488 nm) have been measured interferometrically
with respect to an iodine-stabilized 633-nm He-Ne laser.
Each feature has a frequency convenient for the measure-
ment of the 1S-2S transition in either hydrogen, deuteri-
um, positronium, or muonium. A total of six cells within
temperature-controlled oven assemblies have been stud-
1ed.

The estimated standard deviation of the frequency
measurements of each component is 0.47 MHz, including
cell-to-cell variations. The reproducibility for day-to-day

measurements on a single cell is estimated to be 0.18
MHz, for the chosen optical arrangement and FM satura-
tion technique. The variation of frequency with tellurium
vapor pressure has been measured for all cells, and also
correlated with linear absorption measurements on an
isolated tellurium transition. One unexpected result from
these studies has suggested that the cells have varying
amounts of tellurium in them. This results in different
cells exhibiting break points in the pressure-shift data,
and linear absorption saturation at different vapor pres-
sures. Some cells were found to have a break point too
low in temperature for use. The slope of the pressure
shift for temperatures below the break point were of or-
der —(10+2) kHz Pa ' for all components measured, in
good agreement with other measurements.

In conclusion, tellurium-saturated spectra within well-
controlled experimental arrangements can be useful at
the +1-MHz level. This is a factor of 10 worse than for
similar saturated iodine reference spectra, but consistent
with the ratio of linewidths. The use of such standards to
a higher level of accuracy would require a considerably
wider-ranging investigation into cell contamination and
other systematic effects.

J. R. M. Barr, J. M. Girkin, A. I. Ferguson, G. P. Barwood, P.
Gill, W. R. C. Rowley, and R. C. Thompson, Opt. Commun.
54, 217 (1985).

~E. A. Hildum, U. Boesl, D. H. McIntyre, R. G. Beausoleil, and
T. W. Hansch, Phys. Rev. Lett. 56, 576 (1986).

C. J. Foot, B. Couillaud, R. G. Beausoleil, and T. W. Hansch,
Phys. Rev. Lett. 54, 1913 (1985).

4D. H. McIntyre, R. G. Beausoleil, C. J. Foot, E. A. Hildum, B.
Couillaud, and T. W. Hansch, Phys. Rev. A 39, 4591 (1989).

5J. R. M. Barr, J. M. Girkin, J. M. Tolchard, and A. I. Fer-
guson, Phys. Rev. Lett. 56, 580 (1986).

D. H. McIntyre and T. W. Hansch, Phys. Rev. A 34, 4504
(1986).

7D. H. McIntyre and T. W. Hansch, Phys. Rev. A 36, 4115
(1987).

8M. G. Boshier, P. E. G. Baird, C. J. Foot, E. A. Hinds, M. D.
Plimmer, D. N. Stacey, J. B. Swan, D. A. Tate, D. M. War-
rington, and G. K. Woodgate, Phys. Rev. A 40, 6169 (1989).

9D. H. McIntyre, W. Fairbank Jr., S. A. Lee, T. W. Hansch, and
E. Riis, Phys. Rev. A 41, 4632 (1990).
J. M. Girkin, PhD. thesis, University of Southarnpton, 1987.
Opthos Instruments Inc. , 17805 Caddy Drive, Rockville, MD
20855.

~2J. Cariou and P. Luc, Atlas du Spectra d'Absorption de la Mol-
ecule de Tellure (Laboratoire Aime-Cotton, CNRS, Orsay,
France, 1980).
R. F. Barrow and R. P. du Parcq, Proc. R. Soc. London, Sect.
A 327, 279 (1972).

4G. C. Bjorklund, Opt. Lett. 5, 15 (1980).
~5G. C. Bjorklund, M. D. Levenson, W. Lenth, and C. Ortiz,

Appl ~ Phys. B 32, 145 (1983).
~ J. L. Hall, L. Hollberg, T. Baer, and H. B. Robinson, Appl.

Phys. Lett. 39, 680 (1980).
F. Bertinetto, G. B. Picotto, P. Cordiale, and S. Fontana, in

Frequency Standards and Metrology, Proceedings of the
Fourth Symposium, Ancona, Italy, 1988, edited by A. DeMar-
chi (Springer-Verlag, Berlin, 1989), pp. 465 and 466.

~SU. Brand and J. Helmcke, in Frequency Standards and Metrol-

ogy, Proceedings of the Fourth Symposium, Ancona, Italy,
1988 (Ref. 17), pp. 467 and 468.
M. B. Morris, T. J. McIlrath, and J. J. Snyder, Appl. Opt. 23,
3862 (1984).

oG. R. Hanes and C. E. Dahlstrom, Appl. Phys. Lett. 14, 362
(1969).

IR. E. Machol, E. F. Westrum Jr., J. Am. Chem. Soc. 80, 2950
(1958).

2G. P. Barwood and W. R. C. Rowley, Metrologia 20, 19
(1984).
G. P. Barwood, W. R. C. Rowley, and P. T. Woods, Metrolo-
gia 20, 157 (1984).

24W. R. C. Rowley and P. Gill, Appl. Phys. B 51, 421 (1990).
Metrologia 19, 163 (1984).
R. B. Hurst, N. Brown, V. D. Dandawate, G. R. Hanes, J.
Helmcke, H. P. Layer, L. Zhongyou, W. R. C. Rowley, T.
Sakurai and M. S. Chung, Metrologia 24, 39 (1987).
R. E. Honig and D. E. Kramer, RCA Rev. 30, 285 (1969).


