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The (220) lattice spacing of a silicon crystal was measured by combined x-ray and optical inter-
ferometry to about 3 x 1072 relative accuracy. The value obtained is dzz0 = 192015.551 + 0.005
fm. After correcting for the impurity-induced lattice contraction, d220 = 192015.569 &+ 0.006 fm is

obtained.

PACS numbers: 06.20.Jr, 06.30.Bp, 61.10.Lx, 07.60.Ly

The (220) lattice spacing value of silicon is essential
for the highest accuracy measurement of the Avogadro
constant, of the de Broglie wavelength of thermal neu-
trons (for the h/m, ratio and a determinations), and of
x-ray and <y-ray wavelengths. Since Bonse and Hart in
1965 [1] first succeeded in obtaining x-ray interference, it
has been clear that combined x-ray and optical interfer-
ometry would allow the silicon daz¢ to be measured with
unprecedented accuracy [2].

The first dogp value was obtained in 1973 by Deslat-
tes at the National Institute for Standards and Tech-
nology (NIST) (3]. It was a milestone in linking visible
and x-ray wavelengths and pointed the way for all subse-
quent experiments. In 1981, Becker at the Physikalisch-
Technische Bundesanstalt (PTB) obtained a more accu-
rate value [4,5]. Further investigations led to the discov-
ery of an error in the NIST measurement [6] and, in 1988,
we reported [7] a preliminary dagq value close to that ob-
tained by the PTB group, but with a larger uncertainty.
We have refined our previous experiment (8] and inves-
tigated influence quantities in more detail. In the new
silicon dag¢ value we give here, the error is significantly
reduced. In the meantime, Windisch [9] related the sili-
con dagg value to crystal impurities and laid the basis for
the extrapolation of an invariant value.
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Principle of measurement.—In an ideal measurement,
an x-ray and an optical interferometer are so coupled as
to have the same base line, along which the measuring
crystal is moved. During movement, the intensity of the
outgoing beams is modulated and the periods are dagg
(x-ray) and the half wavelength A/2 of the laser beam
(optical). The equivalence between the period of x-ray
fringes and dagg is a delicate point which deserves careful
investigation [8,10-12]. What is measured is the ratio
n/m of x-ray to optical periods and, since the optical
wavelength is stabilized by saturated absorption at the
component “e” of the hyperfine transition 11-5 R(127) of
the molecule 2715, that is, A\ = 632991194.7 & 0.1 fm,
the relation ds2o = (m/n)A/2 gives the absolute spacing.

The resolution of the measured value is limited by the
displacement of the measuring crystal; in our experiment
it was 270\ /2 (about 85 pm). Starting from the approx-
imation n(m = 1) = 1648.3 and by measuring the dec-
imal places of n(m) over increasing displacements, we
obtained the approximation n(m = 100) = 164828.1.
The final step was to measure the decimal places of
n(m = 270).

Ezperimental setup.—In addition to the greater dis-
placement, novelties included refined techniques and de-
tailed analysis of interference patterns which allowed bet-
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FIG. 1. Schematic drawing of the combined x-ray and op-
tical interferometer. X-INT x-ray interferometer: C1 and
C2 movable and fixed crystals, O and H transmitted and
diffracted beams, Do (position-sensitive), and Dy photode-
tectors. O-INT polarization encoding optical interferometer:
B polarizing beam splitters, M fixed mirror, P polarizers,
EOM phase modulator, D, (position-sensitive), and D, pho-
todiodes.

ter understanding of influence phenomena. A schematic
drawing of the x-ray and optical interferometers is shown
in Fig. 1. The x-ray interferometer is formed by two en-
tirely separated crystals with their fronts and backs op-
tically polished and coated to obtain reference mirrors
ideally parallel to the (220) lattice planes. The experi-
ment was carried out in vacuo (pressure being 0.5 Pa or
lower) and the setup was shielded from temperature fluc-
tuations by a thermal enclosure and from seismic noise
by an antivibration support. The average count rate and
the fringe contrast were 6200 counts/s and 40%, respec-
tively. Fringe subdivision to within 1073dy5 was ob-
tained by scanning about three fringes and by data fit
[13]. Scan velocity was 20 pm/s, sample number 700,
counting window 40 ms, and sample duration 28 s.

The laser beam is delivered by a single-mode po-
larization-preserving fiber ensuring simple and stable re-
mote alignment and positioning of the beam. Improved
polarization encoding and phase modulation [14,15] re-
duced the noise in defining dark fringes and made it possi-
ble to achieve prompt movements with picometer resolu-
tion and damping of disturbances due to vibrations [16).
The crystal attitude was measured by monitoring phase
shifts (differential displacements) between four portions
of the interference pattern. Null rotations were measured
to within 0.5 nrad and the unbalancing was used to com-
pensate for attitude errors due to parasitic tilts of the
translation stage [17-19]. However, errors apt to occur
in angle measurements [20] prevented the rotation lock-
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TABLE I. Summary of silicon d220 determinations.

Laboratory Reference Date Value (fm)

NIST »° 3] 1973 192015.902 + 0.019
PTB *" ] 1981 192015.560 = 0.012
CODATA ® [29] 1986 192015.540 + 0.040
IMGC ®¢ g 1988 192015.524 + 0.054
PTB © 4,91 1990 192015.568 + 0.012
IMGC ¢ . 1994 192 015.569 = 0.006

#Not corrected for C and O contents.

btes = 22.500°C, vacuum.

“too = 22.500 °C, vacuum.

4 Amended for imperfect alignment of the laser beam.

ing at zero from being better than a few nanoradians.
The near perfect alignment necessary to perform simul-
taneous displacement and angle measurements was much
simplified by the use of a simple Michelson geometry and
of an auxiliary mirror. Instabilities arising from the use
of different origins for x-ray and optical rules were less-
ened by placing the fixed components of the interferom-
eters on the same (silicon) plate. The running of the
experiment proved that the small residual drift (about
1072dg90 during the 100 s required to cover the 270\/2
displacement) between the two rules did not affect mea-
surement results: data were easily corrected by averaging
the results of scans taken in opposite directions.

The experiment first exploits information redundance
in interference fringes. As shown in Fig. 1, x-ray fringes
are observed in transmitted (the top and the bottom
parts being detected separately) and diffracted beams.
Similarly, optical fringes are observed by projecting out-
put polarization on vertical (the top, bottom, left, and
right parts being observed separately) and horizontal lin-
ear polarizations which are the phase-modulated normal
modes of the input beam. Since each of the pairs of x-
ray and optical fringes yields measurement values which
respond to different errors, imperfections in the measure-
ment were easily revealed [20,21]. In such a way, an error
in the procedure previously adopted for laser beam align-
ment was discovered and resulted in a 2.3 x 10~ "da2¢ bias
of our earlier value [7]. The amended value is given in Ta-
ble I. Finally, the crystal temperature was measured to
within 3 mK by using a platinum resistance thermome-
ter, periodically calibrated in accordance with ITS-90.

Results.—The histogram in Fig. 2 groups 196 succes-
sive measurement values obtained by moving the measur-
ing crystal between optical orders m = 0 and m = 270;
the standard deviation of single measurements value is
0.8 x 10~8. Before the silicon dago is calculated, the
n/m ratio must be corrected for several effects; Table
IT shows these corrections and their uncertainties. The
overall error has been obtained by adding up each of the
contributions in quadrature. The wavelength in vacuo of
the laser beam was corrected for the refractive index of
the residual gas, mostly water vapor. Besides, as a re-



VOLUME 72, NUMBER 20

PHYSICAL REVIEW LETTERS

16 MAY 1994

40

20

number of measurements
(%
)
T

10

I 1l

1
0.1 0.105 0.11 0.115 0.12
100(n/m—1648.28)

FIG. 2. Frequency distribution of 196 measured values of
the n/m ratio. Data were referred to tgo = 22.500°C. The
solid line is the distribution of a normal variable having the
same mean and standard deviation.

sult of diffraction, the interfering wave fronts bend and
the period of optical fringes is different from half the
wavelength of a plane wave [20,22]. The alignment error
os of the laser beam biases quadratically the measure-
ment value; the relevant error is a x? variable with o2 /2
mean and 02/v/2 standard deviation. A 0.5 mQ offset
in the measurement of the platinum resistance, which
corresponds to a temperature offset of 2 mK, needed cor-
rection. Other errors are due to the different projection
angles of the crystal movement over the x-ray and opti-
cal base lines and to the different movements which are
sensed by x-ray and optical interferometers (Abbe’s er-
ror). Since the crystal moves along a line bisecting the
normals to mirror and (220) lattice planes, the projec-
tion error is a normal variable having zero mean and
standard deviation Bo,, where o, is the bisection error
and § = 0.16 mrad the mirror-to-lattice angle. The at-
titude error o¢ of the active guiding system, combined
with the error o} of base line overlapping, produces the
Abbe’s error. It is a random variable having zero mean
and standard deviation o¢op. Owing to random effect
of chemical etching, the interferometer focusing and the
analyzer thickness may be different before and after the
movement. These facts cause additional contributions to
the number of x-ray fringes covered and the global er-
ror has been estimated to be 0.8 x 1078 [8,10-12]. To
increase measurement resolution, the results of measure-
ment repetitions over short periods of time were averaged
in order to obtain a single value for the ratio n/m. In
a typical half an hour measurement cycle, twenty data
are collected and averaged. Reproducibility was inves-
tigated by analyzing 92 measurement cycles carried out
between May 1st and December 15th, 1993. In the mean-
time, the experimental setup was partially reassembled
a few times. Results are given in Fig. 3. Some of the

TABLE II. Corrections and uncertainties (x108) of daz0.

Optical wavelength —-0.2+0.2
Fresnel’s diffraction 25+0.8
Laser beam alignment 0.3+0.5
Crystal temperature 0.5+0.8
Movement direction 00+1.8
Abbe’s error 0.0+0.8
Surface roughness 0.0+0.8
Statistic (mean) 0.0+0.5
Overall (IMGC crystal) 31+25
Crystal impurities 93+14
Overall (silicon) 124429

contributions to the overall error depend, at least par-
tially, upon on-line measurements of influence quantities
and upon the actual performances of the feedback loops.
The 1.1 x 1078 standard deviation of a single average
estimated from the data in Fig. 3 is therefore consistent
with the error analysis carried out. However, since the
error correlation is not known, measurement uncertainty
is not expected to be reduced by further averaging of the
data. The final value of the (220) lattice spacing of the
Istituto di Metrologia “G. Collonetti” (IMGC) reference
silicon crystal is

da20 = 192015.551 £ 0.005 fm, (1)

but tgo = 22.500°C and in vacuo. A summary of the
dgo0 values so far available is given in Table I.

The daz0 determination in specific crystals is not of
general interest, since it is related to the binding condi-
tion between individual atoms. Values, to be meaning-
ful and comparable, must be referred to the same tem-
perature and pressure and corrected for lattice defects
and for crystal impurities and isotopic composition. Our
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FIG. 3. Averages of data collected in 92 measurement cy-
cles and their frequency distribution. Data were referred to
tgo = 22.500 °C. The solid line is the distribution of a normal
variable having the same mean and standard deviation.
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crystal was grown and purified by float-zone melting by
MEMC Electronic Materials (formerly Dynamite Nobel
Silicon). We have no information about vacancies, va-
cancy clusters, self-interstitial, and electrically neutral
impurities; as regards the isotopic composition recent
theoretical [23,24] and experimental [25] investigations
show the influence of the different isotope contents of
natural crystals to be negligible. Carbon and oxygen are
considered the only cause of changes in lattice spacing
at the present level of accuracy [9]. Their effects are
investigated in Refs. [9,26] which also give the relevant
corrections. According to the carbon and oxygen con-
tents of our crystal [27] [N¢ = (1.3740.02) x 10'® cm™3,
No = (4£ 1) x 10** cm™3] the impurity-induced lattice
contraction is (9.340.7) x 1078d339. The nonuniform dis-
tribution of impurity atoms causes short and long range
strains which have been averaged by the integration of
the interference pattern and by repeating the dgz¢ mea-
surement along the crystal. The global error of the impu-
rities correction has been estimated to be 1.4 x 1078, The
(220) lattice spacing (at tgo = 22.500°C and in vacuo)
extrapolated to null contents of carbon and oxygen is

d220 = 192015.569 % 0.006 fm. (2)

In Table I, the PTB value [4] is referred to tgy =
22.500°C and is corrected for impurities according to
the data in [9]; the perfect agreement with the value
(2) must be considered fortuitous. Additionally, a com-
parison between IMGC and PTB samples is in progress
at PTB; preliminary results [28] agree with the differ-
ence between (1) and the value reported in [4]. As re-
gards the value recommended by the Task Group on
Fundamental Constants of the Committee on Data for
Science and Technology (CODATA) [29], it has to be
noted that it refers to an ideally pure silicon crystal and
should be invariant. In fact, the recommended value
was a direct outcome of the adjustment and minimized
the inconsistency between the values of the Avogadro
constant obtained from Na = (M/p)/+/8d3,, and from
Na = cmeMpa? /2mphRo, where the symbols have the
usual meanings. The results obtained indicate that the
dy20 values measured in different crystals can be con-
nected better than had previously been assumed and sug-
gest the updating of the recommended value.

Conclusions.—We emphasize that the results reported
here are to be examined in connection with the incoming
new evaluation of a consistent set of values of the funda-
mental physical constants and with the determination of
N4 and of the h/m,, ratio. In particular, a determination
of N4 based on the daz¢ value given here is in progress at
IMGC; results will be presented at the 1994 Conference
on Precision Electromagnetic Measurements.

Some of the techniques used in this experiment were
developed in the framework of a study of combined x-
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ray and optical interferometry partially supported by the
Commission of the European Communities under Con-
tract No. 3422/1/0/182/91/4-BCR-D(30).
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FIG. 1. Schematic drawing of the combined x-ray and op-
tical interferometer. X-INT x-ray interferometer: C1 and
C2 movable and fixed crystals, O and H transmitted and
diffracted beams, Do (position-sensitive), and Dy photode-
tectors. O-INT polarization encoding optical interferometer:
B polarizing beam splitters, M fixed mirror, P polarizers,
EOM phase modulator, D, (position-sensitive), and D, pho-

todiodes.



