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Detecting the effects of linear acceleration on the optical response of matter
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We propose two feasible experimental studies of the interaction of light with linearly accelerating media.
First, sidebands are induced in the output spectrum of a Mach-Zehnder interferometer when a dielectric in one
arm is oscillated parallel to the beam. Second, linear acceleration of a dielectric in a ring cavity will induce
asymmetry in the near-resonant optical response profile. Both experiments probe the interaction of photons
with inertia by testing the covariant formulation of Maxwell's equations used here and so the related assump-
tion that the local optical properties of a medium are unaffected by acceleration. The second experiment is
explicitly sensitive to a Doppler shift induced when light propagates through linearly accelerating media,
predicted by Tanak&Phys. Rev. A25, 385 (1982]. Observation of this Doppler shift would confirm a
manifestation of the coupling between radiation and matter in a noninertial cof8&50-294®8)00807-5

PACS numbegps): 03.65.Pm, 06.30.Gv, 04.80.Cc

I. RELATIVISTIC TESTS OF beat frequency between the opposite beams. In the later ex-
MAXWELL'S EQUATIONS periment, where the drag coefficient was determined to
0.04% accuracy, theory and experiment differed by two stan-

The propagation of light through moving media has longdard deviations, which was considered too small to claim a
held fascination for both the experimentalist and theoretidiscrepancy. In the experiment of Sanders and Ez4&igl
cian. Its history dates from the proposals of Boscoyithto  glass samples were oscillated along one arm of their optical
measure the angular aberration of light within a telescopeavity, a phase shift resulting in a shift in the resonance
filled with water. These(unperformed experiments were frequency of the cavity observed through optical feedback.
predicted to distinguish between the emission theorie€orrections to their theoretical analysis were given by
(widely accepted at the timend wave theories of ligh2]. Neutzeet al. [9], showing this experiment to have similar
With this old controversy decided in favor of the wave accuracy to the earlier work of Bilger and Stowell. Neutze
theory by the work of Young and Fresnel, the latter agairet al.[9] also give a review of recent drag experiments with
considered the propagation of light through moving mediamoving matter. The observed beats between the opposite
From a primitive first-order form of the principle of relativ- beams of a ring laser in the experiment of Kowalekial.
ity, that aberration ought not to be influenced by the presencglQ], while presented as a test of the propagation of light
of a medium between the source and detector, otherwise thtbrough accelerating matter, can in fact be satisfactorily in-
absolute velocity of the earth would be observab®,  terpreted as Laub dratsee, for example, Ref9]) at the
Fresnel 3] derived the velocity of light through moving me- instantaneous velocity of the sample. As an observation of
dia asc+ kv, where the light drag coefficient=1—1/n°. Laub drag, this experiment was approximately one order of
Experimental verification was provided by Fizepd] by = magnitude less sensitive than the similar experiment of
passing two beams of an optical interferometer through movSanders and Ezekiel.
ing water. While all these experiments used dielectric samples mov-

When the medium through which light propagates is mov4ing with linear or centripetal acceleration, their design and
ing inertially in flat space-time, the original formulation of sensitivity enabled satisfactory analyses to proceed through
Maxwell's equations[5] will fully describe Fresnel drag. the assumption that the influence of acceleration on the ob-
When this medium has a finite proper acceleration, howeveiserved phase shift was negligible. Thus the influence of light
the problem cannot be analyzed within Maxwell's original drag at the instantaneous velocity of the sample alone could
theory, as Maxwell's equations do not maintain their stanvyield a correct experimental fit for all recorded data. As such,
dard form under arbitrary coordinate transformations. For dhese experimentdid not test Maxwell’'s equations beyond
consistent description of light propagating through acceleratthe realm of Maxwell’s original formulatigrwhich fully de-
ing media a covariant formulation of Maxwell's equations scribes the propagation of light through bodies moving iner-
must be employed. tially.

There have been several high precision light drag experi- There have, however, been several observations of light
ments in which dielectric samples were accelerating. Bilgepropagating in a gravitational field which cannot be ex-
and Zavodny 6] and Bilger and Stowe[l7] placed a rotating plained in terms of the original formulation of Maxwell's
fused-silica disk along one arm of a ring laser. Fresnel dragquations[11]. Dyson, Eddington, and Davidsdi2] ob-
in the rotating dielectric induced a nonreciprocal change irserved the bending of light as it passed near the sun in the
the optical path of the laser beams which, in turn, produced aolar eclipse of May 29, 1919. This experiment provided
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early verification of a prediction of general relativity and nificance lies in the fact that the extension of Maxwell's
marks a milestone in its wider acceptance within the scienequations to noninertial systems alone providesechanism
tific community. Using radio waves emitted from a quasar aghrough which energy may be donated to the electromagnetic
it was eclipsed by the sun, Fomalont and Srarifie§ were  field due to matter’s inertial resistance to acceleratidiur-
able to improve the accuracy of light bending experiments tédhermore, observation of this “angular Doppler effect” ex-
~1%. Reasenberet al.[14], by tracking a spacecraft emit- Perimentally confirms Mashhoon’s spin-rotation coupling for
ting an electromagnetic signal, were able to confirm the prePhotons, although this was not previously recognized as

dictions of Schwarzschild geometry to 0.2%. However, in allSUch- This connection may be seen by considering an optical

of these experiments light propagated through vacuumMach-Zehnder interferometer with two HWP’s located along

While providing excellent verification of the covariant for- ©N€ am, the entire interferometer being set in rotation about
mulation of Maxwell's vacuum equations in Schwarzschild thiS &m. From spin-rotation coupling Mashho26] pre-

geometry, they did not empirically test the propagation ofdicted_ a phasg shift yvquld result if circu_larly polarized I_ight
light through media in a gravitational context. were injected into this interferometer. Viewed from an iner-

Similarly, Pound and Rebkald5] experimental verifica- tial frame of referenc_e t.his phase shift may also b_e derived
tion, using M®sbauer spectroscopy, of the frequency shifffom the Doppler shift in frequency suffered by circularly
induced by the Earth’s gravitational field, and the closelyP0larized light upon passing through each rotating HWP.
related experiment of Hagpt al. [16], using a Masbauer A linear analog of the angular Doppler effect arises from
source and receiver mounted upon a rotating disk, did nof @1ak&'s[27] prediction that linearly polarized light will

test the influence of matter on the propagation of lightSuffér & change of frequency when propagating through lin-

through non-Minkowskian space-time. Had these experi-early accelerating media, where both the acceleration and

ments been performed with material media located betweef@V€ Vector were assumed to be parallel. In this article we
source and receiver all experimental results would have bedy€Sent two experimental proposals, falling within the scope

unaffected, since gravitational redshift may be explaineoOf current technology, which will test the influence of Iinear.
purely in terms of time dilation between separated clocks. acceleration on Fresnel drag. The latter of these proposals, in

Experiments sensitive to the propagation of light throughparticular, is considered of fundamental interest, because it is

accelerating media have, however, been provided by the SEXPliCilly sensitive to the consequence that a covariant ex-

gnac effec17]. Presenting a covariant analysis, PEE8] tension of _Maxwells equations provides a mec_hamsm

demonstrated that the observable fringe shift resulting fronifough whichphotons can exchange energy with linearly

rotation of an optical interferometer is dependent on whethefccelerating matter.

the optical medium is held stationary in the laboratory or

rotates with the interferometer. This dependence, however, is Il. COVARIANT FORMULATION

merely a consequence of the Doppler effect due to the rela- OF MAXWELL’'S EQUATIONS

tive motion of source and medium, similar to the distinction _ - - , _

between Lorentz and Laub light drag coefficients for media A Simple prescription for obtaining Maxwell's equations

moving with constant velocitj9]. Despite the unrivaled pre- undgr an arbmary coordlnate transformatmn is to replace all

cision of the state-of-the-art rotation-sensitive ring laserd?@rtial derivativescommas in the special relativistic tenso-

[19], the Sagnac effect has only been verified to first order iffi2! description with covariant derivativésemicolons and

the rotation rate(), at least one order below that at which further let »,,—g,,, the metric tensor of an arbitrary

any influence of centripetal acceleration may be expected tjPace-time. As presented in detail by Schieich and Scully

arise. 11], this prescription enables the covariant form of Max-
Also within a rotational context, Mashho@0] has sug-  WelI's equations to be written

gested that the intrinsic spin of any particle will couple to

rotation. As a consequence, it becomes impossible to equate Fun=Aur=Avu,

the measurement of frequency by an obse@ewho moves

with constant rotation, with the same measurement per- FuvetFoputFou,=0, €y

formed by an inertially moving observer instantaneously co-

moving with O. This discrepancy was considered to consti- 1

tute an extension of the standard measurement hypothesis —(\/—_gFW),V=—,uOJ#, (2

underpinning relativity theor{that accelerated clocks tick at \/—_g

the rate of a comoving unaccelerated clo¢R1]. Experi-

mental support for spin-rotation coupling has been reporteavhereg=detg,,, and only the contravariant field equation

as the apparent coupling of the nuclear spin of mercury witthas been affected by the change to arbitrary coordinates, the

the rotation of the Earth22,23. covariant derivatives of the covariant field equations simpli-
In a number of related experimer{t24] it has been ob- fying to contain only partial derivatives.

served that circularly polarized light passing through a rotat- When there are no free charges but a material medium is

ing half-wave retardation plattHWP) both has its circular present, current densities described Jy arise only from

polarization reverseénd becomes shifted in frequency by electric and magnetic displacement currents. It therefore

twice the rotation rate of th&dWP: downshifted when this proves convenient to incorporate these displacement currents

rotates with the same sense as the optical electric field arahd the influence of the metric tensor into a simplified con-

upshifted when these are opposite. Pippf28] has pre- travariant electromagnetic tensor densig#” [28], and

sented a consistent analysis of these observations. Their sitirereby rewrite Eq(2) as
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G“'=0. ©) ax* oxP
FM/V/: 7 _’FO‘IB’
. A axt ax”?
With the components o6#" defined as
0 CDX CDy CDZ aXB ., (9XM/ (7XV/ B
de |G = G*P,
GHV= _CDZ 0 HZ _Hy ox” Ix* &Xﬁ

—cD, —H, 0 H,

-cb, Hy —-H, O Making a coordinate transformation from the inertial frame
instantaneously comoving with an accelerating dielectric into
Egs.(1) and(3) may be combined to yield Maxwell’s cova- the accelerating frame of the dielectric, E¢®. and(9) may
riant equations in familiar vector notation: be written in the accelerating coordinates as

J
= —ge
VXE=—58 @ Gor= "\ ——¢Fo. (10
Mo
V-B=0, (5)
—0¢éo
GM=/——FH, 11
5 o (11)

where spatial indicek and| run from 1 to 3.
V.-D=0. (7) Several authors have studied the propagation of electro-
magnetic waves in linearly accelerating media using the

While these equations have a form identical to Maxwell'sabove formulation of Maxwell’s equations. Anderson and
equations in an inertial frame of reference, this similarity isRyon[28,31] and Mo[32] both derived a wave equation for
misleading as the electre and magneti® field vectors are the propagation of light through a dispersionless dielectric
not simply proportional to the generalized electric displaceWith constant acceleration and obtained approximate solu-
mentD and magnetic intensiti. Instead, in obtaining Eq. tions. Tanakg30] found an analytic solution using Fermi
(3) from Eq. (2) we require their constitutive relations to be coordinates, demonstrating that the relativistic energy and
dependent on both the dispersive properties of the mediufhase velocity addition laws are equivalent to the Einstein
and the space-time metrigith a physically motivated pre- vequty addltlon laws for |r)ert|al media mstgntaneously co-
scription needing to be chosen to specify these relations. Moving with the accelerating sample. Similarly, at normal

In an inertial frame with stationary, linear, and homoge-incidence, light reflected from an accelerating dielectric sur-
neous media clearly face suffers the same Doppler perturbations as that reflecting

from an identical inertial dielectric boundary instantaneously
D= eeoE, (8y ~ comoving with this accelerating surface. In a later publica-
tion Tanaka[27] predicted that light, upon transmission
through an accelerating dielectric, should be shifted in fre-
quency by an amount proportional to the acceleration of the
glass sample, its thickness, and the difference of its refractive
index from unity. It is this conclusion, following directly
from the covariant formulations of Maxwell's equations, that
we propose can be tested within current technology.

J
VXH:a_tD, (6)

B=uuoH, ©)

whereey and g are, respectively, the permittivity and per-
meability of the vacuum ané and u are the relative permit-
tivity and permeability of the medium. In generalizing this
result to include media with arbitrary acceleration, HezH
imposed the physical assumption that the above constitutive

relations hold in the inertial frame of reference instanta-Ill. TRANSMISSION OF LIGHT THROUGH A LINEARLY
neously comoving with the accelerating media. This assump- ACCELERATING SAMPLE

tion is tantamount to assuming thieie optical properties of

accelerating media are locally unaffected by acceleration ; : X )
While one may expect this to be only approximate in condj-geometry identical to t_hat of the instantaneously comoving
tions of extreme acceleration, we accept this prescriptiofn€rtial frame has the line elemef&3]

throughout this work. This assumption enables us to examine

A linearly accelerating frame of referen&with spatial

whether the natural covariant extrapolation of Maxwell's ax)?
equations to linear accelerating systems generates new and ds’=—| 1+ — c2dt?+ dx?+dy?+ d 2. 12
experimentally testable effects, independent of the influence ¢

acceleration may have at an atomic level.

Adopting the notation of Tanaka0], the constitutive re-  That this line element represents a frame of reference with
lations are found through use of the transformation propertinear acceleration follows from the coordinate transforma-
ties of F,, andG*". Under arbitrary coordinate transforma- tion relating the(upper casecoordinates of the inertial labo-
tions x“—x#(x*") these transform according to ratory framel to the (lower casg coordinates ofS:
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c ax at scaling the temporal partial derivative Bf,. Therefore re-
T= 3 1+ sin)’(; , placingt by t/n in Egs.(14) and(15) gives
c
q ax at
c?[  ax at| c? Ey=| 1+ —|exg — —|f(Dy), (16)
X=— 1+ —|cosh—|— —, c nc
C2 Cc a

with the complex phase becoming

woC ax at
Z=z, Py=—— | 1+ —=]exp — —
a c2 nc

with each point ofS following hyperbolic motion inl. _ _ o

We suppose that the proper length of a dielectric sample, Consider now a harmonlc and monochromatic incident
with index of refractionn, is unaffected by acceleration. light source:EY=E, expiwy(T—X/c). We assume that the
Taking the sample’s parallel faces as lying on the planes amplitude of light transmitted at the interfaces of the medium
=0 andx=h in Swe assume, for simplicity of analysis, that is reduced by a factor(<1); this may be maximized (1
electromagnetic waves incident upon the dielectric surface-r~100 ppm by, for gxample, the use of faces cut at the
propagate parallel to the direction of acceleratidjx. Thus ~ Brewster angle and polished &d100.[7] However, for sim-
E,=0; we choose the electric field to be linearly polarized,Plicity of analysis in this paper we assume that the angles of

A - incidence are 0° at the media boundaries; multilayer antire-
and they axis to be paraliel to the electric field. From the flection coatings can in principle achieve a comparable trans-
covariant constitutive relations, Egdl0) and (11), and the 9 P P P

metric components of Eq12), the nonzero components of mission.
b S P The electric field within the dielectric is found by match-
the vectorsD andH are necessarily

ing the general solution B, Eq. (16), and its phase, Eq.
-1 (17), to the electric field incident upon the dielectric face at
ax = : .
1+ —| x=0 when expressed in the lower case coordinates.of
2 With the transmitted electric field amplitude reduced by a
factor ofr we find within the dielectric

—1]. (17)

Dy=e€e€oE,

1
H,=—8B,| 1+ —]. n
©ompo” 02) E9=Eor| 1+ exp( A
y CZ Cc
Taking the curl of Eq.4) and using Eqs(4)—(7) and the N
expressions above to eliminai®, ,H,,B,, the wave equa- % . w_oC 1+ a_x _ a_t B w_oc
tion [Eq. (14) of Tanaka[27]] exg ! 2 ¥R a
ax)zﬂzEy a( ax) JE, n?d%E, (18)
1+ — — 1+ —=|=—=-— =
c?) o c? c?) X ¢ at? In S this wave emerges from the dielectricxat h. Again

(13)  matching the general solution in vacuum, Ef4), and its
phase, Eq(15), to Eq.(18) at the second dielectric-vacuum

: —1/e2 —n2
is recovered, whereguo=1/c* andeu=n". interface yields

In | ay-polarized electromagnetic wave in vacuum may

most generally be described by the electric fiedd™ n—1
L vac. avac : ah ax at

=f(d,,) and magnetic field3 =€y 7c, wheref (D, is EM=E,r?| 1+ _) 14+ — exr{ -

. . P , y 2 2 c
an arbitrary complex wave function satisfying Maxwell's c ¢
vacuum wave equation, and the vacuum phdasg.~ n—1
— wo(T—X/c). From the properties of ,, under a change wexd il 2% 14 ah 14
of coordinates, a c c2

vac__ ax at X ex _a_t _w_oc
£ye=| 1+ 3 Jex = | f(Puao (14) -1

represents the general solution to the vacuum wave equatidgpon a coordinate transformation froBiback to the labo-
in S, Eq.(13) in the limit n— 1, where the invariant phase is ratory framel,

® woC 1. ax at
e — —_— X _——
vac a CZ € c

A general analytical solution of EL3) within the dielec-
tric may be obtained by noting appears only as a factor where the emerging beam is shifted in frequency:

n—1
exdi{—o'(T—X/c)+Ad}],

(19

- 1] : (15) EQ"'=E,r?

1+ 2
c2



86 RICHARD NEUTZE AND G. E. STEDMAN PRA 58

n—1 Laser Accelerating Sample

o' =wg ~w | |

ah
1+(n—1)—2>, (20
c

and the phase is perturbed by

Recorded
Intensity

A¢=§(w'—w0). (21)

Equation(20), derived by Tanak#&27], shows that even
with the assumption that the local optical properties of matter FIG. 1. A dielectric sample is linearly accelerated along one arm
are unaffected by acceleration, light propagating through &f an optical Mach-Zehnder interferometer and the output intensity
linearly accelerating dielectric will suffer a shift in frequency "ecorded as a function of time.
dependent on the acceleration and refractive index of the
sample but independent of its velocity. Therefore, the mini{11 from Egs.(8) and(9) and consequently the wave equa-
mal covariant extension of Maxwell’s equations to linearly 10N (13), over a wide range of acceleration. _
accelerating systems prediclight will couple to inertia I_n imparting velom_ty to their optical samples relative to
through mass-energy exchange with linearly acceleratindh_e'r_ mterferometer—n_ng laser, the novel effect obsgrved
matter: photons propagating parallel to the direction of ac- Within all these experiments was that the phase velocity of
celeration are raised in frequency upon their transit light was increasetbr decreaseitiue to this motion: follow-

Intuitive understanding of this result follows as, quantuming almost trivially from optics in the rest frame of the
mechanically, the refractive index of any material differs Sample and special relativity. In making the step to linearly
from that of the vacuum due to photons being absorbed intgccelerated motion the experimental feature we aim to ob-
virtual atomic states and later reemittéelg., [34]). If the  Serve is thathe energy of a photon will be increased (or
material is accelerated during the lifetime of a virtual statedecreased) upon interaction with linearly accelerating me-
energy and momentum conservation results in a shift in endia, Eq.(20): this energy coupling following simply from the
ergy of the emitted photon relative to that absorbed, arisin@atural_ extension of Maxwell's equations to the linearly ac-
from the changes to the velocity of an atom between thesgelérating frame of the sample. _ _
two events. Algebraically this argument yields E80) (at A gain in frequency of one beam relative to another is
first order inah/c?). It is interesting to note that, frore ~ MOSt easily resolved by recombining the two beams and ob-
=md, this transient population of higher energy virtual S€™Ving @ beat frequency. Consider the passive Mach-
atomic states increases the mass of the dielectric relative toehnder optical interferometer illustrated in Fig. 1. An in-

when no light propagates through it. As such its resistance tifct€d beam is split, one part traversing a linearly
acceleration(inertial mass is increased and energy may accelerating dielectric before its recombination with the

thereby be imparted to light while in transit. other prior to detection. Expansion of the phase of @)
to first order inah/c? gives the measurabléime-dependent

IV. A PASSIVE INTERFEROMETER CONTAINING phase perturbation as

AN OSCILLATING GLASS SAMPLE

_ woh aT a 1
Several Laub-drag-type experiments have been performed AQ(T)= — ("= 1)[ == ?( B+3(n- Z)h) } :

to date using samples with varying degrees of acceleration. (22)

In the work of Zeemaret al. [35] and Sanders and Ezekiel

[8] dielectric rods were oscillated in a direction parallel to whereB represents the proper distance along the optical path
the incident beam, but all data were recorded when thérom the origin(location of the first glass face whé&n=0)
sample had maximum velocity and therefore vanishing acto the point of beam recombination. Physically, the first term
celeration. Kowalsket al. [10], who accelerated a dielectric arises from the presence of a stationary dielectric and the
sample at~5 cm/€ along one arm of a ring laser, were able second term is exactly the Laub drag phase $Bift where

to obtain good agreement with experiment by disregardin@T is equated with the instantaneous velocity of the dielec-
the influence of acceleration and simply calculating the intric sample, accelerated from rest whes 0. The final term,
stantaneous Laub drag coefficient. Bilger and Stojgllin ~ an additional perturbation to the phase stemming from the
rotating a fused-silica disk, studied the light drag under conDoppler shift Eq.(20), is insignificant in comparison with
ditions of high acceleratiorfalbeit using an experimental the Laub drag term and has not been observed to date. Kow-
configuration different from that discussed beJoWith ro-  alski has suggested that a number of related phase shifts may
tation rates up te-60 Hz and the counterpropagating beamsbe experimentally observable using ligl86] or neutron

of their ring laser passing through the disk uptd.6 cm off  [37,38 interferometry, the latter two articles predicting vio-
the rotation axis, the local centripetal acceleration of the atlations of the principle of equivalence. Comparing E20)

oms interacting with light ranged up t6 2000 m/€. Their  with Eq. (16) of Ref. [40] we note Kowalski's transit time
analysis, based purely on the local instantaneous velocity afnalysis with the approximation E¢L1) of [37] led him to
their sample, proved sufficient to obtain close agreemertfialsely conclude that this frequency shift was dependent on
with their observations. As such their work validated thethe sample’s velocitythe opposite sign being a typographi-
assumption that the optical properties of media are locallycal erro). Had his formalism been valid it would hold
unaffected by acceleration, made in recovering Et@.and  equally well for photons as for neutrons: however, our cova-
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riant analysis shows that the principle of equivalence holds
for such effects when photons are involved. 80 |

Should it be possible to maintain constant linear accelera-
tion of the sample, one would expect, from the time depen-
dence of the above phase shift, to observe the intensity varyg 60 |
ing sinusoidally with its frequency given by the perturbation &

to Eq. (20). Experimental constraints, however, would force %’
one to oscillate a glass rod with angular frequeficyalong g4or

one arm using a stabilized laser, say the Newport NL-1, as€
the input beam. Sinusoidal acceleration would modulate the
frequency of the beam traversing the sample through Eq. 20[
(20). This experimental configuration is extremely similar to
that of Zeemaret al. [35] and resembles Sanders and Ezek-
iel's [8] arrangement, but rather than window the detector
response or convert this phase shift to a beating using ar
optical feedback mechanism, we propose to record the pho-
ton intensity transm'tted tthUQh our beam recomb'ner_ aS & E|G. 2. Numerical simulation of the Fourier-transformed inter-
function of time. This transmission will vary due to the time ferogram resulting from oscillating a sample along one arm of the
dependence of the relative phase of opposite beams. Intrgsterferometer of Fig. 1. The sample refractive index 1.5, length
ducing a constant phase differenge by, for example, h=1.4m, and its maximum velocity is 10 m § (parameters real-
mounting one mirror on a piezoelectric crystal, the recordedzed in the experiments of Zeemanal). Sideband satellites sepa-
signal can be expected as rated by the oscillation frequenc¥)(27=9.8 Hz in this example
are clearly visible.

20 -15 -10 -5 0 5 10 15 20
Frequency (Hz)

Vg(T)=Vg|exp—iwoT+ aexp—i{w T+ B cosQT+ ¢}|?

=Vo{1+ a?+2acog BcosQT+ ¢)}, (and therefore the sample’s velocity domatonstant yet
scan a range of maximal sample accelerations. Should the
where local optical properties of the dielectric medium be affected
by acceleration, the time-dependent frequency modulation
Aw QA wgh would become anharmonic, with variations in the heights of
-0 - TT(”_l) each sideband relative to the carrier thereby arising upon

changing the sample’s frequency of oscillation. We note that
is the amplitudg(in radiang of the phase excursion induced this approach naturally calibrates for the influence of disper-
by the frequency modulatiod, is the amplitude of sample sion within the sample, which was not included in the above
oscillation, andx is the relative amplitude of opposite beams analysis.
when recombined. Care should be taken to avoid optical feedback from light
Fourier analysis of the time-dependent output, as is novgcattered from the moving dielectric surface, modulated in
standard in ring-laser spectroscof89], provides a simple frequency via the Doppler effect. Tilting the sample relative
method of signal analysis. Sideband satellites on either sid® the optical axis should suffidg]. Mechanical feedback
of zero frequency(in the absence of a carrjewith separa- when oscillating the sample could also cause spurious struc-
tion Q will appear in the Fourier transformed frequency ture in the Fourier resolved spectra, although this was not a
spectrum. A resolvable signal requires only that the shortimiting factor in the work of Zeemaet al.
term longitudinal light-phase coherence is maintained over It is tempting to regard a successful observation of side-
the difference in time of transit between the opposite beamdjand structure in the above experiment as verification of the
~(n—1)h/c~2 ns, which would easily be achieved using aacceleration-induced Doppler shift, E0). However, an
Newport NL-1 laser with its long term frequency drift stabi- analysis based upon Laub drag within the sample assumed,
lized to within =300 kHz. When combining two indepen- at each instant, to be moving inertially would also recover
dent lasing modes of a ring laser, a noise floor some 65 dBideband structure in the Fourier-transformed interferogram,
below the Sagnac signal has been recorded with the Cante+ising from the velocity dependence of the Laub drag phase
bury ring lasef19]. As such it is reasonable to anticipate that shift. Therefore, as with the experiments of Bilger and Stow-
this noise floor can, at least, be matched in the proposegll [7] and Kowalskiet al. [10], the above apparatus would
experiment. test the assumption that the optical properties of matter are
In measuring the Laub drag coefficient with a passiveunaffected by acceleration but could not verify any novel
interferometer, Zeemaret al. [35] oscillated samples of consequences of Maxwell's equations for linearly acceler-
quartz and flint glassn(~ 1.5) of lengths up to 1.4 m impart- ated systems beyond this assumption.
ing a maximal velocity~10 m/s. With these experimental
parameters ani=633 nm, the maximal phase excursiBn —\;, RESONANT CAVITY CONTAINING A LINEARLY
ranges up te-0.25. Figure 2 gives a numerlcal IS|muIat|on of ACCELERATING GLASS SAMPLE
the frequency spectrum thereby predicted with the sample
oscillating at 9.8 Hz andp= w/4. Sideband structure is Optical ringing may occur whenever the optical perimeter
clearly visible. By simultaneously increasing the frequencyof a cavity, or the frequency of the injected light, are func-
and decreasing the amplitude of oscillation, one may Itbld tions of time. The phenomenon itself results from beating
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Recorded E\(T,B)=Eq(1—s?)r?(s’?)'expli{wo[ — T+B/c]
Laser Accelerating Sample Intensity
, — N TAD(T)+ D},
I |
— where A®(T) is defined by Eq(22) and ®, is the phase

contribution due to the electric field componeB{(T,B)
having traversed the ring perimeter a furtheimes before
reaching the detector. Whgnpasses through the accelerat-
ing sample light has frequenayj=w0[1+jah(n—1)/c2]
due to the cumulative effect of the Doppler shift, E0).
FIG. 3. Along one arm of a triangular resonance cavity a dielec{f we take a snhapshot at tim& we find light of fre-
tric sample is linearly a_ccelgrated. The intensity of_Iight tra_msmitte_dqu(_mcy ] produces a phase changg: ] P'/c+[wo(N
through the seconq mirror is recorded. as a function of time. Th's—l)ahlcz][—T+(Mz—h+nh/2)/c] upon completing one
light consnsts_of an infinite sum of coqtr|but|ons from waves havmgfu" circuit of the optical cavity and returning tbl,, where
completed circuits of the optical cavity; see EQ4). P'=P+(n—1)h is the optical perimeter of the cavity with
the sample enclosed. Summing overansits of the optical
between the energy stored within a cavity and that beingerimeter, and including the influence of this light having
injected and it may be used as a very sensitive technique tilequencyw, in propagating fromM, to B before reaching
detect perturbations to the frequency of light. loannetial.  the detector, we find
[40] observed ringing in an optical fiber ring resonator, a
variable optical path length being obtained through wrapping
a length of optical fiber around a piezoelectric cylinder. An
analogous observation was made byeLal.[41] who, upon
exciting a high finesse ring cavity with a frequency- wo[l

|
<I>|:j§1 b+ (0~ o) (B—My)/c

modulated external laser, determined the finesse of this cav- c
ity through the observed ringing profile. An asymmetric re-

sponse profile was also observed by Li and Stedidk ah

when the scanning rate of a scanning FabrePterfer- +I2—2(n—1)P’], (23
ometer multiplied by the decay time of the interferometer 2c

squared was the order of unity. Further studies of Optic%here B'=
ringing within a Fabry-Pet cavity have recently been pre-
sented by Poirsoet al. [43], and Neutzd44] has predicted
that ringing again will arise when an optical ring interferom-

eter with angular acceleration is excited by an extemaley s central to our prediction that optical ringing will oc-

monochromatic signal. I . .._cur. The electric field reaching the detector is therefore
When a glass sample accelerates within an optical cavity,

its optical perimeter varies and energy is donated to the elec- Eou T.B)=(1—5?)r?Eq expli{wo[ — T+B/c]
tromagnetic field via Eq(20). Our analysis below of the

experimental arrangement illustrated in Fig. 3, where an in- ” 3 2 ]

jected beam is repeatedly reflected through a dielectric +A<D(T)})I=20 (sro)expfid)f. (29
sample accelerating along one arm of a high quality optical

ring cavity, also predicts an asymmetry in the recorded re- The summation within Eq(24) is of the same form as that
sponse profile. Using a stabilized lagegain, for example, which arises in the analysis of the optical response of a scan-
the Newport NL-1 we inject monochromatic light into the ning Fabry-Peot interferometef42], an analytic expression
cavity through the first mirrorM ;. Behind the second mir- for the output intensity being obtained through its algebraic
ror, M, we place a detector =B which records, as a equivalence with the intensity profile of a Fabryr&teinter-
function of time, the light intensity transmitted throuyh,.  ferometer with a frequency-modulated input signal. If optical
A third mirror, M3, serves only to close the optical cavity, resonance is assumed to occur when the dielectric is station-
having an optical perimetelP in the absence of the glass ary, then, by analogy with the expressions of Appendix C of
sample. As this cavity is planar its resonant modes will be_j and Stedmar{42], the output intensity of this resonant
linearly polarized[45], the direction of polarization again cavity containing a linearly accelerating dielectric slab is
fixing y.

At the detector the electric field consists of an infinite sum lout |AouJ2 —s? ™ 2
of partial contributionsE(T,B), each having traversed the K: A2 - 1—s%2 %|W(§)| ' (29
ring perimeterl times and therefore having passed through
the accelerating glass sampl¢ 1 times. Upon each transit where[46]
of the sample the electric field suffers a drop in amplitude of
r2; and each transit of the ring perimeter further decreases i [ exp(—v?) )
the amplitude bys®, arising from reflection from three mir- w({)= ;de’/?:exﬂ(—l )erfc
rors. Finally, transmission losses through andM, reduce
the amplitude by (+s?). Thus, atB, X (—i¢)(ImE>0),

ah
P’+—2(n—1)(—cT+B’))
C

B+ P/2—3h/2. The final term, quadratic ith,
arises directly from the cumulative influence on the phase of
the Doppler shift, Eq(20), for light having madeé complete
Eransits of the ring perimeter. Mathematically this quadratic
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0.8 T T T With the required acceleration approximately proportional
n=05 to the minimum of (+s)® or (1-r)?, im i
04l i , improvements in
transmission losses at the dielectric boundadshould
0.0 custom-antireflection coatings approach 1 ppm loss mirrors
04 . . . now commercially availab)ewould considerably simplify
-4 -2 0 2 4 this experiment, although losses within the sample itself

T . would then become significant. A successful experiment fur-
ther requires phase correlations are maintained on a time
scale~1/T'. Frequency drift of the input laser of the order of
kilohertz could therefore induce experimentally significant
phase fluctuations, but could be calibrated by simultaneously
0 ' ' : injecting the laser beam into a similar cavity, again using
optical resonance to monitor such drf#1]. Similarly, it
would be relatively straightforward to calibrate experimen-
tally such velocity-dependent features as optical dispersion
within the sample, Doppler-induced variations in the trans-
mission through the multilayer antireflection coatings, or
misalignment of the cavity. While these may also contribute
asymmetry in the observed resonance profile, all such fea-
tures would appear in the low acceleration limit and could be
accounted for by careful measurement of the resonance pro-

FIG. 4. Predicted intensity profiles for the resonant cavity con-flle across a range _Of acceleratlons._ . .
taining a linearly accelerating dielectric sample illustrated in Fig. 3, Unlike the experiment proposed in the preceding section,
calculated by numerical evaluation of E5) at various values of ~an analysis based upon Laub drag at the instantaneous ve-
the asymmetry parametey: (@ 7=0.5, (b) »=0.1, and(c) »  locity of the sample would not predict any asymmetry in the
=0.01. The normalized time=I"T. With »=0.1, asymmetry in Optical response of this cavitfhis is because such an analy-
the optical output is clearly visible. sis provides no mechanism for the Doppler shift, E2),

which was central in deriving the term quadraticl iof EQ.

erfc(—i¢) being the complex error function. The asymmetry (23) from which the predicted asymmetry arose. Physically,
parametery=y/T'%, where y=—wo(n—1)ah/cP’ and|y|  optical ringing represents the beating of energy stored within
is the change in frequency from each traversal of the ring, cavity against the input signal as the entire apparatus passes
perimeter divided by the duration of each traversal &hd through resonance. It is the sample’s linear acceleration
=2¢(1-sr)/(P's’r?) is the power rate of decay of the \yhich provides the energy to shift the frequency of light
CaV',ty' The variable (=+exp(-im/4){~il'+2|y|(T quanta upon each transit through the sample, thereby induc-
- B,/C)}/V8|7’|* the sign being positive wherjy|(T ing this beating. An analysis based upon the fully covariant
—B'/c)>T, and was chosen so as 1o keep the imaginarformylation of Maxwell's equations underpins this poten-
part of £ positive. Th% factor (£8°)7(1-sr*)*~[2(1 a1y observable phenomenon. In this manner the proposed
—S)/A3(1—s)+2(1-1)}]” in Eq. (25) expresses the fact that o,heriment takes one step beyond the experiments of Zee-
this cavity has transmission losses from three mirrors an‘ﬁmnet al, Bilger et al, and others, being explicitly sensitive
two surfaces of the dielectric, whereas a FabryeP@er-  , the energy exchange induced by linear acceleration of

ferometer{44] suffers losses from only two mirrors. mediaand thereby testing a prediction of the covariant form
Plots of Io,/lo versus the normalized time=I'T for ¢ maxwell’s equations.

7=0.01, 0.10, and 0.50 are given in Fig. 4. Wigh-0.10 the
asymmetry becomes easy to resolve experimentally.

A triangular ring cavity constructed froftommercially
available mirrors with 1-s~10 ppm and each ar2 m in
length will havel’~2.4 kHz. Placing a dielectric sample It is intriguing that the energy of a photon propagating
with  1-r~100 ppm (transmission maximized using parallel to the direction in which a transparent sample lin-
multilayer antireflection coatings or cutting and polishing theearly accelerates will be increased due to this acceleration.
faces at the Brewster anglevithin this cavity, however, Experimental verification of this prediction, as with the ob-
causes the ring-down,=1/1I" to be dramatically reduced, servation of energy coupling between circularly polarized
with I' becoming~20 kHz. As in the preceding section, we light and a rotating half-wave pla{4] would both extend
note that Zeemaat al. mechanically accelerated 1.4 m long empirical support for Maxwell's theory to include linearly
glass rods i~ 1.5) to velocities of~10 m/s. Using these accelerated motion and challenge the search for similar phe-
experimental parameters and assuming these samples mayrfm@mena within a gravitational context. As the mathematical
oscillated at~10 Hz, an acceleration-induced frequencyformulation of a covariant theory of electrodynamics is
shift of ~2 Hz is predicted from Eq20) when the sample is closely related to the foundations of general relativity, em-
at its turning points. This give$y|=cAw/P’'~10° and pirical verification of any assumptions within this framework
hence| 7| =|y|/T'>~0.2 with the resulting asymmetry in the is of fundamental interest.
measured optical output, as illustrated in Fig. 4, clearly ob- Had the experimental apparatus of Fig. 4 been aligned
servable. vertically in the earth’s gravitational field and the dielectric

Normalized intensity

0
-100 -50 0 50 100
Normalized scanning time
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allowed to freely fall, optical ringing would again have beenbe described as a geodesic of the space-time.
predicted[47]. However, our description of the propagation

of light through the sample is quite different in this context:
the worldlines of the atoms within the dielectric themselves
define locally inertial frames of reference and it is the inter- We are grateful to Franz Hasselbach for discussions and
ferometer which suffers an apparent acceleration. As suchospitality, and to Bahram Mashhoon and Mark Hannam for
photons, although retarded in velocity, still follow space-correspondence concerning spin-rotation coupling. R.N. ac-
time geodesics through the dielectric. When an opticaknowledges support from the Alexander von Humboldt

sample accelerates relative to an inertial frame of referencd&;oundation, the William Georgetti Foundation, and the New

by contrast, a photon traversing this sample actually appeaiealand Vice Chancellors’ Committee. G.E.S. acknowledges
to have proper acceleration and its worldline can no longepatrtial support by Marsden Contract No. UOC 513.
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