Metrologia

REPLY Related content

Relativistic theory of the falling

Reply to ‘No correction for the light propagation 'rNetrlo;\ef.hegmrgrawmeter

. : . x . ell Asnby
within the cube: Comment on Relativistic theory of .. ... o e i sosscion
the falling cube gravimeter theony of the faling retrrstiector

gravimeter’
V D Nagornyi

To cite this article: Neil Ashby 2018 Metrologia 55 448
- Second-order Doppler-shift corrections in
free-fall absolute gravimeters
Ch Rothleitner and O Francis

View the article online for updates and enhancements.

This content was downloaded from IP address 132.163.136.27 on 14/06/2018 at 17:34



IOP Publishing | Bureau International des Poids et Mesures

Metrologia

Metrologia 55 (2018) 448—449

Reply

https://doi.org/10.1088/1681-7575/aab9c5

Reply to ‘No correction for the light
propagation within the cube: Comment
on Relativistic theory of the falling cube

gravimeter’*

Neil Ashby

National Institute of Standards and Technology, Boulder, CO 80305, United States of America

University of Colorado, Boulder, CO, United States of America
E-mail: ashby @boulder.nist.gov

Received 26 February 2018

Accepted for publication 27 March 2018

Published 30 May 2018

Abstract

®

CrossMark

The comment (Nagornyi 2018 Metrologia) claims that, notwithstanding the conclusions stated
in the paper Relativistic theory of the falling cube gravimeter (Ashby 2008 Metrologia 55
1-10), there is no need to consider the dimensions or refractive index of the cube in fitting

data from falling cube absolute gravimeters; additional questions are raised about matching
quartic polynomials while determining only three quantities. The comment also suggests errors
were made in Ashby (2008 Metrologia 55 1-10) while implementing the fitting routines on
which the conclusions were based. The main contention of the comment is shown to be invalid
because retarded time was not properly used in constructing a fictitious cube position. Such a
fictitious position, fixed relative to the falling cube, is derived and shown to be dependent on
cube dimensions and refractive index. An example is given showing how in the present context,
polynomials of fourth order can be effectively matched by determining only three quantities,
and a new compact characterization of the interference signal arriving at the detector is given.
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The phase of the reflected signal derived in [1] comes from
a detailed relativistic analysis of signal phase arriving at the
point of recombination of the test and reference beams in an
absolute gravimeter, and provides an alternative to the cur-
rently used or ‘standard’ approach [3]. The ‘corrections’ cal-
culated in [1] represent differences between two models of the
retroreflector: one model characterized by parameters D, n,
and d, which are respectively the cube depth, refractive index,
and distance of the face from the center of mass (COM),
and a model with D =d =0 corresponding to reflection
from the face. The difference arises when these two models
are used to fit the same data—other conditions remaining
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unchanged—and the results quoted are large enough to show
that the index of refraction and other retroreflector prop-
erties should be accounted for in fitting data from absolute
gravimeters.

The comment states that the correction translates the gravity
value to the point above the cube’s COM by the distance
Dn — d. However, such a point would be in motion, would not
give a unique value for g, and is inconsistent with the definition
of g used in [1]. The gravity value referred to in the original
paper [1]is the value at Z = 0, the point of recombination. This
can be seen from the form of the gravitational potential as a
function of the vertical coordinate Z, in equation (1) of [1].

After quoting the phase of the signal at the beamsplitter
from the paper [1], the comment multiplies the interference
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signal by 2¢/Q where Q is the angular frequency of refer-
ence beam light, thus deriving a quantity called ‘the position
of the cube at the moment 7’ (equation (3) of [2]). This is a
fictitious position, since the interference signal is generated at
the origin Z = 0. The calculation is based on the idea that suc-
cessive interference fringes correspond to changes in position
of the point of reflection by a half wavelength. The times 7 are
times of arrival at the reference origin Z = 0, whereas the ficti-
tious retroreflector position is at some height Z(7") above the
beamsplitter at which there is no reference beam to generate
an interference signal. If this cube position had meaning, the
position would have to be related to the COM position by no
more than an added constant. This is not so, as can be seen by
comparing the COM position, used repeatedly in [1]—

1 1 1 1
Zew(T) = Zo + VoT — EgT2 + 7<7 0T? + —VoT? — ﬂgT“)

2 6
(1)
—with equation (2) of [2], which has additional time-depen-
dent terms. The main conclusion of the comment, as expressed
in its title, is thus without justification.

However, following this line of argument leads to an inter-
esting result. Let us account for retardation by assuming
that at moving position Z(T’) a wavefront of phase ¢(T")
is emitted and travels with speed ¢ through vacuum to the
detector, where it arrives at time 7 later. The retarded time
is determined implicitly by 7" = T — Z(T")/c. Let the inter-
ference phase at the detector be the function ¢o(T) as pro-
vided in equation (33) of [1] and quoted in the comment [2],
equation (1) with the reference phase removed. The phase at
emission would be

O(T') = ¢o(T) = do(T" + Z(T') /). 2

Proceeding as in the comment, we identify the position Z(7")
as

N co(I) ¢ i doo(T") Z(T')
This leads to
N ()
(M) = 507 L @ )
2Q " dr’

Carrying out this calculation, we obtain for the fictitious
position

Z(T") = Zew(T') + Dn — d + O(c7?). 3)

This result would have been obtained in the comment [2],
if retardation had been included. The form of equation (5),
above, fully supports the conclusion in [1] that properties
of the retroreflector are important in absolute gravimeters.
Equation (5) suggests there is a hypothetical surface at dis-
tance Z(T’) above the COM, from which the phase at the
detector can be obtained by application of a simple retardation
calculation with light speed c¢. The hypothetical phase at this
surface at time 77 would be

20

o) =2 (Zar) 1 01-0) @

and, if transferred to the origin at Z = 0 with speed ¢ using
retarded time, yields ¢o(7T). This compact characterization of
the interference signal in [1] works very well. The fictitious
position is above the COM and in fact, above the cube.

The constant in equation (5) contains all the correc-
tions discussed in [1], and provides a useful example of the
problem of matching two polynomials in the present context.
We ask, in a model based on equation (5), what corrections
0Zy, 6V, 0g arise compared to simply using a model based
on the uncorrected COM position, equation (1)7 This leads to
the condition

1
Dn —d+ 6Zy + 6VoT — Efngz

2 2 3 4 —
+ ﬂ(12<SZOT +40VoT? — 6gT*) = 0. @

This is a polynomial of order four involving five coeffi-
cients, while only three quantities are being determined.
However, 6V, = 0 removes the two terms in equation (7)
that are odd in T; the constant term gives 0Zy = —(Dn — d),
and the quadratic term gives 6g = 7dZy. The residual quartic
term is —y2T*0g/24. This term is of second order in ~y and
is extremely small; even for 7 =1 s, it is less than 10~
meters. Such terms have been systematically neglected
throughout [1]. This explains how two fourth-order polyno-
mials can be matched, with more than adequate precision,
with only three quantities. The issue was already discussed
near the end of section 7 in [1]. Thus, there is no basis for
the suggestion in the comment, that a mistake was made
in the fitting routines; this is extremely unlikely anyway
because of the agreement between the fitting of data for
thousands of drops and the algebraic calculations carried
out independently.

In sum, the suggestion in the comment that it is not neces-
sary to consider retroreflector properties in fitting data from
absolute gravimeters has been shown to be invalid. Other
statements in the comment have been responded to; in par-
ticular, it has been explained how for this theory only three
parameters are precisely determined by matching fourth-order
polynomials. A compact characterization of the interference
signal has been presented. No errors or substantive criticisms
of the original paper [1] as claimed in the comment [2] are
justified.
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