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Sagnac Interferometer for Gravitational-Wave Detection
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We have investigated a zero-area Sagnac interferometer as a broad band gravitational-wave detector.
Frequency response measurements of a laboratory-scale interferometer are in excellent agreement with
theory. The measured contrast ratio, 0.996, is insensitive to induced birefringence, laser-frequency
variation, arm imbalance, and dc mirror displacement. A near shot-noise-limited phase sensitivity of
3 X 107? rad/~/Hz was measured at the interferometer's maximum sensitivity frequency, 90.9 MHz.

PACS numbers: 04.80.Nn, 07.60.Ly, 42.25.Hz, 42.62.-b

The progress in gravitational-wave receivers over thdrequency variation, mirror displacement at dc, thermally
past three decades [1-8] has led to the initiation ofnduced birefringence, and reflectivity imbalance in the
the Laser Interferometer Gravitational-Wave Observatonarms, allowing a simplified control system and reduced
(LIGO) [4], which will consist of two 4-km Michelson- optical tolerance requirements. The peak response of
Fabry-Pérot interferometers. The initial LIGO interfer- the Sagnac interferometer lies in the central part of the
ometers are expected to meet their phase and stragravitational-wave frequency band of astrophysical inter-
sensitivity requirements with-100 W of laser power on est, and is greater than that of a Michelson interferometer
the beam splitter. However, an advanced interferomewith the same storage time and power on the beam splitter.
ter will require several kilowatts of laser power at the In a common-path interferometer only a nonreciprocal
beam splitter and will be difficult to build using exist- or time-dependent element, such as a Faraday rotator or an
ing technology. An advanced LIGO interferometer mustasymmetrically placed optical phase modulator, affects the
address the issues of laser noise, interferometer fringéringe at the beam splitter. A gravitational wave, produc-
contrast ratio, thermally induced figure changes, birefrin-
gence, and depolarization. We describe here a zero-area
Sagnac interferometer with the potential to meet the ad-
vanced LIGO sensitivity requirements.

The Sagnac interferometer [9,10], invented in 1913 for
rotation sensing, is an interferometer in which waves trav-
eling in opposite directions experience common optical

paths. The differential phask¢ = decw — ¢dcw, Where 9 1.6

decw and ¢, are the phases of counterclockwise waves, é’ 14F () |
is detected to obtain dynamical information about the op- = _ 11} 1
tical paths. The gyroscope interferometer is a ring that en- ‘§ = 1k ]
closes an area as shown in Fig. 1(a). A considerable body 5::‘3 g 0.8 - ., ]
of knowledge regarding the sensitivity limits of Sagnacin- 7/ & .,

. - o = 06F . 3
terferometers is available due to development of advanced © 7 i "\ 1
fiber-optic gyroscopes [11,12]. In 1986, Weiss proposed "g = 0.4 R\
an open-area Sagnac interferometer for gravitational-wave g 0.2 g T —" 7
detection [13]. In 1982, Drever proposed a ‘multire- g ) ' :

1 2 3
flection Michelson interferometer,” a ring cavity device Gravitational Wave Frequency [kHz]
whose resonant recycling enhances sensitivity for narrow|G. 1. (a) Conventional Sagnac interferometer. (b) Zero-
band detection of periodic gravitational-wave signals [3].area Sagnac interferometer for displacement sensing with a ge-
Recently, a prototype gravitomagnetic field sensor incorometry that meets LIGO requirements. (c) Theoretically cal-
porating a Sagnac ring was described in [14]. culated differential phase generated by a gravitational wave

; . . ith strainh, ~ 10723/4/Hz, in a 20-bounce (bounce number
We have analyzed and experimentally investigated the, _ 20) deléay line, 4-km arm-length, zero-area Sagnac inter-

zero-area Sagnac interferometer shown in Fig. 1(b) afrometer illuminated with a 1064-nm laser. The Michelson
a topology for an advanced gravitational-wave receiverinterferometer response (dashed line) is shown for compari-
This zero-area interferometer, modified from a convenson. The Sagnac response peaks at 690 Hz and has a 3-dB
tional Sagnac by area cancellation, remains sensitive tBa“dW'déh of_220—f123(_)ﬁHz. .Alssﬁm'”g ah? 5%h system f:ff'.'
time-dependent displacements in the arms but insensiti O'eln(f,yl'l r;;f;% cr)e;uir;sjgnkt@ gf |2.§2ragcfwirsor?tthneol)ssal’lnmlt
to rotation. It enjoys several advantages over a MichelsoQpjiyter. At this power level, the shot-noise-limited strain sensi-
interferometer as an advanced interferometer for LIGOyivity falls to 10-22/+/Hz atf, ~ 32 Hz, a frequency at which

Specifically, this interferometer is insensitive to laser-seismic and thermal displacement noise will dominate.
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ing space-time tidal fluctuations in the optical path, alsamic vibrations, gravity gradients, and thermal effects—a
gives rise to an interferometer response. Assuming thdeature that offers significant advantages in the design and
the gravitational wave is normally incident onto the detec-operation of the advanced interferometer for LIGO. The
tor plane with “+” polarization whose base tensor com- effect of the reduced low-frequency responsivity of the
ponents are along the interferometer arms, then the strairg&agnac topology on the sensitivity for gravitational-wave
along each interferometer arm are out of phase by’,180detection depends on the relative magnitudes of phase and
and, consequently, clockwise and counterclockwise wavedisplacement noise spectra. Under typical assumptions
experience time-dependent phase shifts obeylpg =  for advanced LIGO, the sensitivity of a Sagnac interfer-
—dccw. The differential phase of the two counterpropa-ometer with a storage time of 0.53 ms (20 bounces in a 4-
gating waves is given bk ¢ = 2w, Whereg .y is de-  km arm) would fall below that of a delay-line Michelson

termined by integration along the Sagnac path: with the same storage time over the frequency range 15 to
=TSN 300 Hz, and rise above that of a Michelson at frequencies

Decw = 27Tf1|:f <—g>e’2”fg’dt higher than 300 Hz. For a storage time of 2.1 ms, the

127 Sagnac would have sensitivity equal to that of a Michel-

Lo(he\ . son from 15 to 80 Hz, and greater sensitivity at frequen-
8\ i2mf,r .
) o\ ) dt cies above 80 Hz.
_ 5 _ Figure 2 shows a schematic of our laboratory-scale
= (2fihg/ifg) SIP(mrsfo)e ™ 177s), (1) Sagnac interferometer. We illuminate the interferometer

) ) ) with a 300-mW (Lightware Electronics model 122) diode-
wheref is the laser frequency is the single-arm storage |aser-pumped Nd:YAG laser. The laser beam passes
time, andh, and f, are the gravitational-wave strain and {hrough a quarter-wave plate and a half-wave plate and
frequency, respectively. The absolute magnitude of thenen js incident on the Sagnac beam splitter. The beam
differential phase is splitter is 50% reflective for theS polarization and

|Ag| = 4fihgf ;" S (mr,fy). (2) 1% for the P polarization. The Sagnac optical path

The absolute magnitude of the differential phase for ae_ncloses zero area to avoid rotation sensitivity and to pro-

delay-line Michelson interferometer can be calculated simY!d€ @ geometry compatible with the LIGO vacuum sys-
ilarly [8], tem. An asymmetrically placed electro-optic (EO) phase

s modular (NewFocus model 4004) provides phase modula-
|Apml = 2f1hefy I sin(m s fo)l. (3)  tion for Spolarized light to simulate a gravitational-wave

For both the Sagnac and Michelson interferometers, theignal. An optional quarter-wave plate inside the interfer-
single-arm storage time, is defined asry = 2NL/c,  ometer is used to determine the sensitivity of the interfer-
whereL is their arm lengthlN is the number of bounces on ometer to birefringence. The dark-port output is incident
the end mirror of the delay line, amds the speed of light. on a scanning confocal interferometer for optical spectral

Figure 1(c) shows the response functions for 4-km 20analysis, on dc detectors for power measurements, and on
bounce(N = 20) LIGO-scale interferometers illuminated an RF detector for RF spectral analysis.
with a 1064-nm Nd:YAG laser. The Michelson inter- The frequency response of a Sagnac interferometer
ferometer has its peak response at dc and subpeaks tata spatially lumped phase modulation is derived from
frequencies determined by the transcendental equatidag. (1) by replacing the integrand with functions, and
x = tanx, wherex = 7r,f,. The Sagnac interferom- expanding the field in a series of Bessel functions. With
eter has its peak and subpeak responses at frequence$0% beam splitter, the first-sideband response function
determined by2x = tanx. The first and highest peak
occurs atfmax = 0.37/7, = 0.74/ T100p, Where riop is
the loop time of the Sagnac interferometer. Proper set-

' SPECTRUM
ting of 7 allpws the peak response frequen.cy to bg tuned ngg&&%EA ANALYZER OR
to the gravitational-wave band of interest; for this ex- INTERFEROMETER OSCILLOSCOPE

ample f, max = 690 Hz. The first peak of the Sagnac-
interferometer response has a 3-dB bandwidtb.®/ 7,
which for this example extends from 220 to 1250 Hz.
The peak response of the Sagnac interferometer is higher
than that of the Michelson interferometer due to the phase
change accumulated in passing through both arms before
interfering at the beam splitter.

Unlike a Michelson interferometer, the Sagnac interferFIG. 2. Schematic of experimental setup for the Sagnac
ometer has no response at zero frequency. Therefore, tifgerferometer. - Bold line: Sagnac loop, EO: electro-optic

- . modulator, BS: beam splitter, PBS: polarizing beam splitter,

static length of the |.nterferometer arm does. _not need Q- half-wave plate, QW: quarter-wave plate, L: lens, SC:
be controlled. The interferometer is insensitive to slowscanning confocal optical spectrum analyzer. The light source
length changes due to mirror movements caused by seig a 300-mW Nd:YAG laser.
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cE 1R T T R T T analyzer was used to measure the power of the first Bessel
25 0l AN PR ] sideband.

E-e' PN ! \ ] The shot-noise-limited phase sensitivity of a Sagnac in-
9 % o.6F \ ! b . terferometer, which equivalent to a Michelson interferom-
§_ S04l \ / 3 ] eter, assuming an optimal homodyne detection scheme at
g5 | kY / b ] the dark port and coherent states for all inputs, is

MZo02k \ / ]

o N r \ ] . B

2z 5 L s N ]

EE 1) 7 ST S NI R R |A(i)|z\/2(PLO+Pmin)27Tﬁfl/PL0PinT]C2, (6)

2 5 0 40 80 120 160 200 240 280

Modulation Frequency [MHz] where Py is the local oscillator powerpPy, is the
FIG. 3. Theoretical transfer function (solid line) and experi- leakage power from the dark poft,is the reduced Planck
mental data (circles) for the first-order Bessel sideband of theonstant,P;, is the interferometer input powes; is the
Sagnac interferometer. Transfer function of a Michelson in-quantum efficiency of the photodetector, and the contrast
terferometer with an electro-optic modulator is shown by the,. . _ _ ) ] ' :
dashed line for comparison. ratio C L (Pmax = Prmin)/(Pmax + .Pm'”)’ Where Prax i
the maximum power out of the bright port. For less-than-

) ) o unity contrast ratio, the power incident onto the detector

normalized to the input power is given by is given by P + Pnin. A near-unity contrast ratio is

T (food) = P T2(m) SIPL7 fnoa — )] desirable in an interferometer for two reasons; first, the
1s\/ mod Pin run 7 Jmod Teew = Tew phase sensitivity reaches the quantum limit only if the
oo _ contrast ratio approaches unity; second, the photodetector
o m_ sz[wfm"d(T“W_ mew)], _ () saturates if iluminated with too much leakage power.
where Py, is the input power,P; is the power in the  Experimentally, the power directly out of the dark

first sideband,/; is the first-order Bessel functiorm  port, P, was measured to be 27 dB below that of the
is the phase modulation depth in radiarfs,es is the  bright port, Pmay giving a contrast ratio of 0.996. The
modulation frequency, andc and 7., are the time dark-port power measured after the scanning confocal
separations between the modulator position and the beajiterferometer, which spatially filters the dark-port output,
splitter for the counterclockwise and clockwise beamsywas 30 dB below the bright-port output, giving a contrast
respectively. The approximate form of Eq. (4) holds forratio of 0.998. This high contrast ratio was obtained
small modulation|m| < 1. The peak response occurs despite the phase modulator and two lenses that were
at a modulation frequencfmax = 2/I7ccw — Tewl- Ifthe  placed asymmetrically in one arm of the interferometer.
modulator is placed at the symmetry point, there is no The dark and bright fringes were nearly constant and
signal. The tabletop experiment allows counterclockwisghe contrast ratio varied by less than 0.002, when one
and clockwise optical path Iengths from the EO to theof the arm-end mirrors was driven at 20 Hz over a
interferometer beam splitter to be 330 and 1979 mmgistance of a full optical wavelength, for which two
respectively, and hence the peak sensitivity is at a 90.%eriods of interference fringes would occur in a Michelson
MHz modulation frequency. interferometer. The insensitivity of the dark fringe of
For comparison a Michelson interferometer with anthe Sagnac interferometer to mirror displacements near
in-arm, double-passed, lumped EO, has a correspondingc allowed our experiments to be done without active

response function given by stabilization, resulting in a substantially reduced control
Ty (frnod) = %J%(meqv) problem compared to that of a Michel_son interferometer.

12008 We inserted a quarter-wave plate into one arm of the

~ gm” OS2 fmoaTm]. ()  sagnac interferometer to simulate the impact of ther-

where the equivalent modulation depthn., =  mally induced birefringence in optical elements under the

2m co27 fmoa™y) and 1y is the time separation high-power illumination expected for an advanced inter-
between the end mirror of the Michelson interferometeferometer. Experimentally, fod° to 45° rotation of the
and the EO. The approximate form of Eq. (5) is valid quarter-wave plate, the contrast ratio of the interferome-
for |m| < 1. Forry = |7ew — Tewl/2, the Michelson ter, as expected, remained near unity, varying less than
response is phase shifted by°9@ith respect to that of 0.004. The small variation was mainly due to the nonuni-
the Sagnac. formity of the inserted wave plate. By comparison, the
Figure 3 shows the relative response of the Sagnacontrast ratio for a Michelson interferometer approaches
interferometer as a function of the modulation frequencyzero for quarter-wave retardation in one arm.
demonstrating an excellent agreement between theory We inserted neutral-density filters into one arm of the
and experiment. For this measurement, we varied th&agnac interferometer to simulate the effect of in-arm at-
EO modulation frequency from 10 to 270 MHz and tenuation. The contrast ratio, as expected, was found to
calibrated the EO modulation depth at each frequencybe near unity (variation less than 0.002) over greater than
The modulation depths were limited to less than 0.47%40 dB of attenuation, for which the contrast ratio for a
to remain in the linear regime. The optical spectrumMichelson interferometer would degrade to 0.58. This re-
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— 1x10-8 7 T T 7 the electronic noise level. The transmission of the local
SN 75109 1 Calibration Signal - oscillator through the Sagnac interferometer is frequency
= ~ } E 1 i independent and therefore laser frequency noise does not
E 5x10°9- Total Noise Level affect the signal extraction, in contrast to the behavior of
2 4109 L an asymmetric-arm-based signal extraction scheme for a
2 . ol Jol ‘ Michelson interferometer [15]. With the 90.9-MHz sig-

g 3x10 w nal, we could use a dc LO. To measure a low-frequency
A il VoY N T W THT) O Y gravitational-wave signal, an LO with a frequency above
Y 2%10-9 sl Tl e i oud ol ) . .

& ‘ : the amplitude noise corner of the laser would be used.

[«

0.9 Mz The phase sensitivity was3 X 107° rad/v/Hz at
RF Frequency [10 kHz/DIV] 90.9 MHz. The phase noise measurement was made
FIG. 4. Near-shot-noise-limited phase-sensitivity measure¥ithout having to control the absolute length of the inter-
ment at 90.9 MHz for the Sagnac interferometer. Theferometer. The sensitivity exceeds that of other benchtop
calibration signal, the total noise (shot noise plus electroniexperiments [16], demonstrating a signal extraction
noise), and the electronic_noise levels are shown. Phasgcheme that retains the advantages of the common path of
ﬁr‘fnri‘ts'“"'ty’ 3 % 107" rad/vHz, within 3 dB of shot-noise o Sagnac interferometer, and allows optimization of the
' LO power at the detector.
To summarize, we have analyzed and experimentally

sult shows that a Sagnac interferometer allows consideflVestigated the zero-area Sagnac interferometer as a po-
able tolerance for matching the mirror reflectivities. tential advanced LIGO interferometer. In the future, we

The Sagnac interferometer, due to its equal optical path®an 0 investigate delay line, Fabry-Pérot, and recycling
is a white light interferometer whose null point should beSchemes for the Sagnac interferometer. We are developing
insensitive to laser frequency. We demonstrated that th@ Yacuum-isolated suspended-mass Sagnac interferometer
contrast ratio is independent of laser frequency by tunin ith extended storage time to carry out phase measure-
the Nd:YAG laser more than 30 GHz, and observing n ent_s at lower frequencies. . .
change in the contrast ratio. This feature allows the laser T_h's research was supported by National Science Foun-
to be operated in the multiaxial or even superfluorescerffation (Grant No. NSF PHY 92-15157).
modes, as is used in fiber-optic gyroscopes. The use of
broad band radiation simplifies the engineering of the high-
power laser, and reduces the sensitivity to scattered light af1] J. Weber, Phys. Rev. Let22, 1320 (1969).
the detector to that generated within one coherence length2] R. Weiss, MIT Res. Lab. Electron. Q. Rej05, 54 (1972).
of the midpoint of the loop [12]. [3] R.W.P. Drever, inGravitational Radiation,edited by N.

Figure 4 shows the result of the phase sensitivity Deruelle and T. Piran (North-Holland, Amsterdam, 1983).
measurement of the Sagnac interferometer at the peak?#l K-S. Thorne, in300 Years of Gravitationedited by
response frequency of 90.9 MHz. Wave plates at the in- gévxbr%zvgklggs%nd W. Israel (Cambridge Univ. Press,
put of the Interferometer produced a smeoIarlzegI [5] K. A. Strain' and B. Meers, Phys. Rev. Lett6, 1391
component in the laser beam to act as a local oscillator (1991).

(LO) for hetero'dyne detection. T_Wépolarized Iight_ Was 5] A. Abramovici et al., Science256, 5055 (1992).

mostly transmitted through the interferometer since the 7] w. johnson and S. Merkowitz, Phys. Rev. L&, 2367
beam splitter was 99% transmissive fBrpolarization. (1993).

The polarizations of th&- and S-polarized components, [8] P. SaulsonFundamentals of Interferometric Gravitational
i.e., the LO and the signal, were rotated at the interfer-  Wave Detector§World Scientific, Singapore, 1994).
ometer output port by a half-wave plate, so that b6th [9] G. Sagnac, C. R. Acad. S@5, 1410 (1913).

and P polarizations thereafter contained the LO and thd10] E.J. Post, Rev. Mod. Phy89, 475 (1967).

signal. A polarizing beam splitter than separated the twd!l1] Fiber-Optic Rotation Sensorsdited by S. Ezekiel and
polarizations. The LO and signal fields now fhpolar- H.J. Arditty (Springer-Verlag, Berlin, 1982).

ization were mixed for heterodyne detection in this experIlz] H. Lefevre, The Fiber-Optic GyroscopéArtech House,
iment. The LO and signal i polarization can be further Boston, 1993).

Lo . 13] R. Weiss, in NSF Proposal, 1987.
used for balanced detection in the future. This schem 4] N. Sampas, Ph.D. thesis, University of Colorado, 1990.

allows the local oscillator power to be adjusted by sim-15] M. w. Regehr, F.J. Raab, and S. E. Whitcomb, Opt. Lett.
ply rotating a wave plate prior to the Sagnac interferom- 20, 1507 (1995).

eter. In the present experiment, the local oscillator wa$16] A.J. Stevenson, M.B. Gray, H.-A. Bachor, and D.E.
optimized at 6 mW, which set the total noise 3 dB above McLelland, Appl. Opt.32, 3481 (1993).

3056



