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Operating LISA as a Sagnac interferometer
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A phase-locking configuration for LISA is proposed that provides a significantly simpler mode of operation.
The scheme provides one Sagnac signal readout inherently insensitive to laser frequency noise and optical
bench motion for a nonrotating LISA array. This Sagnac output is also insensitive to clock noise, requires no
time shifting of data, nor absolute arm length knowledge. As all measurements are made at one spacecratft,
neither clock synchronization nor exchange of phase information between spacecraft is required. The phase-
locking configuration provides these advantages for only one Sagnac variable yet retains compatibility with the
baseline approach for obtaining the other TDI combinations. The orbital motion of the LISA constellation is
shown to produce a 14-km path length difference between the counterpropagating beams in the Sagnac
interferometer. With this length difference a laser frequency noise spectral density ofyH#m/ould con-
sume the entire optical path noise budget of the Sagnac variables. A significant improvement of laser frequency
stability (currently at 30 Hz{/H_z) would be needed for full-sensitivity LISA operation in the Sagnac mode.
Alternatively, an additional level of time-delay processing could be applied to remove the laser frequency
noise. The new time-delayed combinations of the phase measurements are presented.
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[. INTRODUCTION fying retro-reflecting mirrors. This Sagnac phase-locking
configuration is discussed in Sec. lll.
The Laser Interferometer Space Anter(h#SA) [1] is a Nonrotating Sagnac interferometers are insensitive to la-

joint NASA-ESA project to detect and study low frequency Ser frequency noise because the counterpropagating beams
gravitational waves. LISA consists of three spacecraft sepdiave exactly matched optical paths. In Sec. IV we note that
rated by 5 million kilometers flying a total of six proof orbital motion of LISA will result in a 14-km optical path
masses in heliocentric drag-free orbits. The change in sepdndth  difference  between the clockwise- and
ration of each proof mass pair must be measured to a level Geunterclockwise-propagating beams. Under these circum-
approximately 20 pm{Hz. One of the main challenges of Stances the TDI Sagnac readouts S, y, and { are no

; ; ; free from laser frequency noise. This arm length mis-
the LISA interferometry is ensuring that the laser frequenc)}onger L .
noise (\v/v~10-2%yHz) does not obscure the gravita- match would lead to a significant degradation of the LISA

X , 00 sensitivity given expected levels of frequency stabilization.
tional wave induced length chang@\l(/L~10"%%\VHz).  Jpe implications for laser frequency stability are discussed,

Time-delay interferometryTDI) [2,3] is a time domain post- 55 is a post-processing algorithm that removes laser fre-
processing technique that provides several interferometgfuency noise.

outputs that are free from laser frequency noise. Two main
categories of TDI combinations have been examined: the Sa-
gnac variables, and the Michelson variables. The Sagnac - NOTATION AND PHASE MEASUREMENTS

variablesa, B, y, and{, are generators for the entire space  This paper uses a modified notation for describing the
of frequency noise-free interferometric combinatidB8s4]. | |SA parameters. The notation attempts to combine the most
Much of the work to date has focused on construction of the;seful aspects of the three commonly used notatj@s 6]
TDI combinations from time-delayed one-way measuredin a consistent manner. Consider the diagram of the LISA
ments using six independently frequency-stabilized laserdnterferometer in Fig. 1, showing the basic interferometer
More recently, a configuration in which the lasers werelayout with three spacecraft, S/C 1, S/C 2, and S/C 3, each
phase-locked in a simple series to a stabilized master wasousing two optical benches, two lasers and two proof
analyzed 5]. Although this analysis showed that time-delay masses. The light from each laser is split into two beams.
interferometry is compatible with the phase-locking ap-One beam is directed, via a polarizing beamsplitter, to one of
proach, it found no significant advantages of phase-lockinghe distant spacecraft so that it can be phase shifted by a
compared to the one-way method. passing gravitational wave. A small fractiorr 0.1%) of this

This paper introduces a phase-locking configuration irbeam leaks through the polarizing beamsplitter to serve as a
which the phase of the light received from one interferometetocal oscillator for the phase measurement of the light re-
arm is transferred to the phase of the light transmitted alongeived from the distant spacecraft. The second beam is di-
an adjacent interferometer arm. This phase-locking arrangeected to the back of the reflective proof mass before being
ment allows two of the three LISA spacecraft to be consid-interfered with the laser on the adjacent optical bench. The
ered as amplifying mirrors at a 30° angle of incidence. Thispurpose of this second beam is to measure, and thus remove,
configuration is in contrast to the baseline phase-locking arthe motion of the bench and the phase difference between the
rangement1,5] in which certain spacecraft appear as ampli-two local lasers.
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/ FIG. 1. Simplified optical lay-
out of the LISA interferometer.
S/C: spacecraftys;; . interspace-
craft phase measurement; : in-
traspacecraft phase measurement;
pij . laser phaseg;; : proof mass
displacementA;; : optical bench
displacement.

The propagation distance from SiGo S/Cj is denoted where positiveh;; represents a compression of the arm. Fi-

by L;; (with the displacement vector denoted by). Since ~ Nally, the noise in the measurementsyfis denoted byn;; .

the spacecraft can move significantly over the light's propaThis noise source has the same units;agind is typically a
gation time, the apparent spacecraft separation depends 6ambination of shot noise and fluctuations in the optical
the propagation directiori(; #L ;). The LISA gravitational path. Tradltlonglly this noise source is referred to simply as
wave signal readouts are constructed from 12 phase measuftical path noise.

ments: six interspacecraft measurements taken at the front of Following Dhurandhaet al. [4], we adopt a delay opera-
the optical benches, denoted by, and six intraspacecraft o, Djj, to represent the application of time delays to a
measurements taken at the back of the optical benches, d@uantity. The delay operator is defined by

noted by 7;;. The first subscript of;; is the distant S/C B

number from where the light originated and the second sub- Dija(t)=a(t—Lj/c), @)
script is the local S/C number at which the measurement is . . . . .

made. The measuremenj inherits the same subscript no- wherea(t) is an arbitrary function of time. This delay op-
tation as thes;; measurement made on the same bench. wgrator represents either a phyglcal defaye to propagation
extend this subscript nomenclature to all other parameters cj°"d @n armor a post-processing deléyhen data is stored
the bench including the laser phagg,, the proof mass dis- in memory. We assume that delay operators commute W'th
placement;;, the optical bench displacement; and the each other, allowing them to be readily factorized to simplify

designator of the bench itself. Note th&t andA;; are scalar data comblnat|9n§4]. -
parameters representing the component of the displacement The expressions for the six mtergpa(_:ecraft phase measure-
along the interferometer arm, defined to be positive for dis/Ments can be obtained from examination of Fig. 1,
placement in the direction of the distant spacecraft. Further-
more,A;; and §;; are normalized to have units of phase.
The phase accumulated in traversing the optical fiber link-
ing two benches on S/Cis denoted byu;. We assume the
optical path through the fiber is independent of the propaga-
tion direction. This independence will be a requirement, not
only for TDI, but for the operation of LISA in general.
The gravitational wave signal will modify the phase of the ~ S32=D32P23— P3ot D3oAog— Agpt 283+ hgtng,  (5)
light traversing the interferometer arms. This phase shift is
denoted byh;; for the light travelling from S/G to S/Cj S23= D23P3o— P23t D2l 3p— Azt 283+ ozt g (6)

S21=D21P12— P21t D21A 1= A+ 28,1+ oyt 0y (2)
S31=D31P13— P31t D31 13— Ag+ 2851+ g+ 0z (3)

S12=D12P21— P12t D12A 21— Ao+ 2815t hypt g, (4)
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S13=D13P31— P13+ Dighs;— Aggt 28,3+ hygtnys. (7))  The first locking conditigr[Eq. (;1)] phase locks laser 21 to
the master laser, ensuring their phases are related by

The measurements at the back of the proof masses are al- it S Sai— Aot A
ways taken as differences in order to cancel the otherwise P217= P31 9217 9317 A1 Azt
overwhelming fiber noisey;; ,

(16)

Following the clockwise propagating beam from S/C 1 to
S/C 2, Eq.(12) implies the following condition for the phase
731~ T21= 2(P21~ P31~ O21F J31F Apy— Ay (8  of laser 32:

T2 732 2(Pz P12~ Szt 1ot Az A © P32=D12P21+ D1oA g1~ Agpt 10 832 hipt Ny,

1
o3~ T13= 2(P13— P23~ O137F Szt Ag3—Apg). (10 a7
Equation(17) implies that the locking transfers the phase

Note that there is no optical path noise contribution tothe information of light received from S/C 1D 1,p,+ DA
measurements. Shot noise can be neglected, as ample poweh,,, to the light transmitted towards S/C3;,+ A3, with
is present in both beams, and phase changes due to motionaf error equal to the measurement noise,
the elements on the optical bench can be included imthe
noise terms in Eqs(2)—(7) without loss of generality. For
simplicity, the expressions above do not include clock noise. €= 81o+ 83+ Nys. (18
Clock noise unavoidably enters during the phase measure-

ment process by an amount proportional to the beat-notgorcing the phase difference between laser 12 and the re-

frequency[7]. ceived light to equal the phase difference between laser 12
and the transmitted light automatically ensures that the

lll. SAGNAC INTERFEROMETER phases of the received and transmitted light are e¢aal

WITH PHASE-LOCKED LASERS within the measurement noijseéNote that this phase-locking

is independent of the phase and frequency of laser 12.
Continuing to follow the clockwise propagating beam, the
‘phase-locking condition of Eq13) is imposed at S/C 3. This

A typical Sagnac interferometer consists of a single light
source, divided into two beams by a beamsplitter and ulti
mately recomblngd on the same b_eamsplltter. Th_e LISA Intondition transfers the phase of the light received from S/C 2
terferometer deviates from this simple system in sever

i ) “to the phase of the light transmitted to S/Cabain to within
ways, most notably it has 6 light sources and 12 bgamsphtt-he measurement noiseThe phase of the light arriving at
ters. Furthermore the measurements are recombined ele§;~ 1 (qajative to the phase of the local lasey,, is mea-
tronically rather than optically. The Sagnac label in the con v
text of LISA refers to the fact that the ultimate output is
proportional to the difference between the counterpropaga
ing beams inside the interferometer. This section presents
phase-locking configuration that closely emulates a standargl

Sagnac interferometer. The phase-locking ensures that tl?ﬁ

phase of the light received at one bench is transferred to thge treated as a simple Sagnac interferometer and the phase

phz?)se of fﬂ;ﬁ "?ht tranlsmitteg 1from the ar(]jjacent bet?]ch. tdifference between the clockwise and counterclockwise
ne of the lasers, laser say, is chosen as the mas ﬁFopagating beamsy, is simply

laser and is frequency stabilized to an optical catdtyother
suitable frequency referencelThe following phase-locking
conditions are imposed by feeding back to the phases of the
remaining five lasers,

sured.

The remaining two locking conditions, Eq4.4) and(15),
Breserve the phase information for the counterclockwise
opagating beam. With all locking conditions satisfied, S/C
and S/C 3 behave as amplifying mirrors at an angle of
cidence of 30°. In this situation, the LISA constellation can

=831~ Sp1. (19

21— 71— 0 by feedback top,; (12) This expression is equivalent to the TDI Sagnac variable
a formed from one-way measuremen¥] shown in Eq.

10— T3 (20). The five locking conditions ensure that the quantities

S12m 5 0 by feedback tops, (12)  inside the square brackets vanish,
Toa— T
Sp3— = _Bog by feedback top;; (13 T23~ T13 T127 732
2 =831+ D3y Sp3— o + D233yl S1o— 5
723" T13_ T12~ 732 T23~ T13
Si3t 5 0 by feedback top,s (14 —Sp1— Doy Sapt |- D 3,D .y S+ 5
T10— T T31— T
S32+ 12 2 32: 0 by feedback tOplz . (15) - (1 + D12D 23D31) 312 2t . (20)

022001-3



DANIEL A. SHADDOCK PHYSICAL REVIEW D 69, 022001 (2004

If the interferometer arm lengths are independent of theéwo different spacecraft and so synchronization of the clocks
propagation direction, i.e.j;=L;;, then the laser frequency and exchange of some phase measurements between space-
noise and bench noise are cancelled and only the proof massaft is needed.
noise, optical path noise and gravitational wave signals re-
main,

IV. SAGNAC EFFECT AND THE LISA CONSTELLATION

Previous work on time-delay interferometry variables has

@=(1=D12D3:1D23)( 931~ 820) + (D31~ D12D23) (d13+ 629) ignored the rotation of the LISA constellation. This section

— (D 1y~ Dg1D23)( 810+ 83) + (1— D 1,D p9)hay discusses the implications for the Sagnac variables if the ro-
tation of the LISA constellation is included.
—(1-Da3iD23)hip+ (D31~ Din)host+ DaiDoanyy Sagnac interferometers are commonly used as rotation

sensors. The difference between the optical paths of the
counterpropagating beams in a rotating Sagnac interferom-
eter is

—D12D23N137 Nog+ Dozt N3 — Doy, (21)

Using this phase-locking approach to obtaifas several
clear advantages. The measurements are taken simulta-
neously, thus no time delays are required and there is no need
for knowledge of the absolute lengths of the arms. Measure-
ments are only needed at S/C 1 and so neither clock synchro-

nization nor exchange of phase measurements between . i S
spacecraft is necessary. Although not included in the calcu¥here( is the angular velocity vectoh is the vector of the

lation above, it can be shown thatis also immune to clock &réa enclosed by the optical paths, anis speed of light.

noise. Clock noise enters into a phase measurement by df'€ dot product indicates that only the component of the
amount proportional to the beat-note frequency. If the L|SAanguIar velocity vector out of the mterferomet(_ar plane con-
constellation has a constant angular velocity then the doppldfioutes to the Sagnac effect. An angular velocity of 1 cycle/

— 7 . .
shifts of the clockwise and counterclockwise beams are ider€ar is 2<10 " rad/s. The LISA constellation will precess
tical. Therefore the clock noise iy, andss; will be equal N the plane o_f the .mterfer.ometer with one cycle per year.
and will cancel when the signals are subtracted to give The heliocentric orbital motion of the constellation must also

Noise from the clocks on S/C 2 and S/C 3 will not enger P€ considered, as the plane of the interferometer is only 60°
because the phase-locking ensures the beat-note frequenclEd™ the ecliptic. The component of the angular velocity
are the same on all four photodetectors on each spacecrafparallel to the area vector is thereforé—cos(60°)- ||

The advantages mentioned above apply only to the Sag=0.5 cycles/year 10™ ' rad/s.
nac variable centered on the master laser’s spacecraft. The An equilateral triangle with sides of lengthhas an area
other TDI Sagnac readout and y, can also be con- given by
structed, however, with slightly simpler expressions than if

40 -A
AL=Lqp+ Lozt Lg—(LigtLgt Lzﬂ:T (24)

the one-way method were used. For example, the expression J3L2
for B in terms of one-way measurements is |A|= R (25)
,8=312+D12[ Sa— T T +DDs1 Sy 723" 713 Modeling LISA as an equilateral triangle of arm length 5
2 x10° m, the interferometer encloses an area of 1.1
s S X 10" m?. With these assumptionsL=14.4 km. An inde-
— Sy Dzz[ Spat 23_13} —DayDog Syt —— pendent calculation oL can be made using the initial po-
2 2 sitions and velocities of the spacecraft. Based on the initial

T T3 conditions published by Folknd], a difference between
—(1+ D12D23D31)T' (22) the round trip optical paths of the counterpropagating beams
of 14.1 km is expected during the first round trip
(~50 sec). This calculation assumed constant spacecraft ve-
locities and that changes in the spacecrafts’ positions over 50
With the phase-locking implemented E&2) simplifies to sec were negligible compared to the spacecraft separation.
In previous calculations, the arm length difference intro-
B=D15851— D31D550+ (1—DysD0sDsy)sp.  (23)  duced by the Sagnac effect was not considered and it was
assumed thattj;=L;; . Given that thew, 8 and y variables
are simply time-delay reconstructed Sagnac interferometers
A similar expression is obtained far by cyclic permutation it is reasonable to expect that they will be affected by this
of the subscripts +-2—3— 1 [2]. Time shifting of data and arm length difference. We will now re-examine these Sagnac
knowledge of the arm lengths are now needed to reconstruefariables for the general cask; #L; (which impliesD;
B and y. The variables also utilize measurements made a#Dj;),

]
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a=(D12D23D31~D13D21D35) (P31t Az 10°
(D21 D23D31)(812+ 53))
+ (D317 D21D32)(613+ 923) g o
+(1—D12D23D31) (831~ 621) + (h3y+ N3y %
+ D3a(ha3tNgg) +D23D3i(hipt nyp) — (hayt+nyy) §
—D21(h3ot N32) = D21Dgahyzt nyy). (26) %10 :
i

The first line of Eq(26) shows that the laser phase noise and
optical bench nois¢9] no longer cancel, coupling into the
Sagnac output proportionately to the difference in delays. In
the frequency domain, these noises enter the Sagnac outp! R
with a magnitude of |sin(27fAL/c)|, where AL=1.4 6° 10° 10° 10" 10
x 10 m. This level of sensitivity to the bench noise is prob- Frequency [Hz)

ably acceptable for frequencies below 1 Hz. For example, FiG. 2. Laser frequency noise requirements for LISA. Dashed
bench noise with a white spectral density of 10 Rz |ine: baseline frequency noise requirement ¢+ (3 mHz/f)2
would contribute 3 pmyHz of displacement noise at 1 Hz x30 Hz/\/Hz [10]. Solid line: laser frequency noise needed to
and only 3 fmA/Hz at 1 mHz. However, the level of residual equal the combined proof mass and optical path noiséttie
laser frequency noise is of greater concern. Figure 2 shows @equal-arma.

comparison of the current laser frequency noise requirement

[10] (L_Jpper ling and the frequency noise needed to equal t.he An alternative solution to improving the frequency stabil-

| i T d he | line i dth Gr‘ty is to modify the TDI combinations to obtain frequency
(lower ling). To produce the lower line it was assumed that,ise free variables in the presence of rotation. Although

each proof mass contributes 10 pr(8 _mHz/f)Z/\/m and  time-delay interferometry was originally conceived to re-
each of the six measurements is subject to an optical pathove laser frequency noise from an unequal-arm Michelson
noise of 20 pmi{/Hz. Note that this is the frequency stability interferometeff2] the same procedure can be applied to an
required to equal the dominant noise sources. In practice, theénequal-arm Sagnac interferometer. We define a new set of
frequency noise requirement will need to be more stringeniodified Sagnac variablesy,, a,, and a3, representing

to avoid degradation of the LISA sensitivity and the “upper Sagnac-like TDI variables beginning and ending at S/C 1, 2,
limit” of Fig. 2 would be replaced by a requirement level and 3 respectively. The variable, is obtained froma by
lower by a factor of 2, approximately. Augmenting the laserdelaying the clockwise measurements by the counterclock-
frequency stabilization system with a second loop using the Sise roundtrip time, and delaying the counterclockwise mea-
million kilometer arms as a reference is a promising ap-surements by the clockwise round-trip time, before combin-
proach for achieving better stabilifyt1]. ing them with the originakr variable,

7237 T13

T127— 732
S23_ 2

+D23D 31[ S12m

a1=(1—D13D21D32)(S31+ D34 )
7237 713
> D_(1_D12D13D21D23D31D32)[

T127— 732
—(1-D1:D23D31)| S211+ Doyl Szt 5 +D21D3y Sy3t

7317 T21
> .

(27)

If the phase-locking of Sec. Il is implemented, the quan-However, Tintoet al.[12] pointed out that can be modified
tities inside the square brackets vanish and @@ simpli-  to produce three combinations in which the frequency noise
fies to and bench noise are cancelled. In contrast to the symmetric

variable{, these three combinations, denotedZby ¢,, and
@1=(1=D13D21D 52 S51 = (1= D1D2sDsy)Sz- (28) 5, combine the data from the three spacecraft asymmetri-

The symmetrized Sagnag, has the same problem in that cally. The expression fof; is presented below witl,;, and

it is also sensitive to laser frequency noise and bench noisés obtained by cyclic permutation of the subscripts,
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$1=(D13D21—D23)(D31S15+ D383~ D31S30) — (D12D 31~ D32) (D 21813+ D23S1— D213

T127 732
—(D13D21D31—=D23D31+D15D 21D 93D 31— D21D23D32)T

7237 713 T127 732
—(D12D21D31—D21D35+ D13D51D 31D 50— D23D31D3QT —(D12D13D21D31—~D53D3) 5 -

(29

V. SUMMARY

In paraII_eI wg_rk Cornish and HeIInglQ] have indepen- A phase-locking configuration has been identified that of-
dently |dent|.f|ed other ¢-type comb|nat|oqs that are fers several potential advantages for the Sagnac mode of op-
frequency-noise-free in the presence of rotation. eration of LISA. For a static LISA constellation, this con-
The TDI Michelson combinationsy, Y and Z, are im- o ration provides one Sagnac output that is free from laser
mune to the Sagnac effect as the interferometers enclose Z8f@quency noise, bench noise, and clock noise. Furthermore,
area. The expressions fif Y andZ remain unchanged apart g clock synchronization, arm length knowledge, time shift-
from allowing for different delays of the counterpropagatinging of data or exchange of phase information between space-
beams. These expressions for Michelson-type readouts cepraft is required. However, we have demonstrated that the
tered on S/C 1, 2, and 3 respectively, have been indepemrbital motion of the LISA spacecraft will break the optical
dently derived by Cornisiil3] and Tintoet al. [12]. These path-length symmetry between counterpropagating beams.
TDI Michelson readouts have a slightly better gravitationalThis places new constraints on the laser frequency noise for
wave sensitivity than the Sagnac outputs particularly arounthe baseline Sagnac configuration. Alternatively, new time-
3 mHz. The reason for the reduced sensitivity in a Sagnadelayed combinations of the phase measurements can be in-
interferometer is that both the gravitational wave signal androduced that provide laser frequency noise-free outputs for
proof mass noise are suppressed below 20 mHz, whereas th&SA.
optical path noise is not. In the TDI Michelson outputs the ACKNOWLEDGMENTS
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