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The alignment of the Laser Interferometer Gravitational-Wave ObservdtiB0) using the global
positioning systeniGPS is described. The LIGO project is designed to detect gravitational waves
from astrophysical sources by laser interferometry. There are two sites separated by 3002 km that
will be operated in coincidence. At each site, laser beams propagate in two orthogonal 4 km long
evacuated beam lines 1.2 m in diameter. The subject of this article is the alignment of the 16 km of
beam tubes using dual-frequency differential GPS. A maximum deviation from straightness in
inertial space of 5 mm root mean square and an orthogonality between arm pairs of better than 5
prad is reported. Analysis of the as-built alignment data allows determination of the geodetic
coordinates for the vertices and the arm orientations at both sites. From this information, the
baseline distance between the vertices of the Hanford, Washington and Livingston, Louisiana sites
was determined to be 3001.8 km. ®)01 American Institute of Physics.
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I. INTRODUCTION located at the U. S. Department of Energy’s Hanford Nuclear
Reservation in Washington StaffelGO Hanford Observa-
The Laser Interferometer Gravitational-Wave Observa~tOry (LHO); see Fig. } and the other in Livingston Parish,
tory (LIGO)!~3 is dedicated to the direct measurement of ouisiana[LIGO Livingston Observatory ofLLO)]. The
gravitational waves from astrophysical sources. The projecdjte-to-site separation is 3002 km. This distance corresponds
is funded by the National Science Foundation and is operateg 4 gravitational wave travel time of 10 ms. The interferom-
jointly by the California Institute of TechnologyCaltech  gters |ocated at the two sites are operated as a network. A
and the Massachusetts Institute of Technol@gyT). network of detectors enables the determination of the posi-
Gravitational waves are emitted by accelerating massegon of sources on the sky from arrival time differences of the
and are expected to be detectable at the Earth from suffiaye |t also reduces the influence of non-Gaussian environ-
ciently violent events occurring throughout the univetse. enci noise in the individual interferometers and thereby

The formation and collision of black holes and the coales-Increases confidence in detection.

cence of orbiting compact stars, such as t_)i_nary neutrpn stars | |Go detects the gravitational waves by comparing the
or black holes, are likely sources. In addition, there is PoStime of propagation of light in mutually orthogonal paths in
sible residue from the primeval universal explosion. Ein-yq gistorted space between freely suspended test masses
stein’s theory of general relativity predicts that the WaveSsenarated by 4 km using laser interferométijhe distor-
travel at the speed of light and that they cause a distortion of 55 that need to be measured are not expected to be larger
spacetimg transversg to their direcftion of propagation. _than a strain of 102% The tubes, aligned by the global po-
The direct detection of gravitational waves can providegitioning system(GPS described here, provide an evacuated
fundamental evidence for the behavior of spacetime in strong, 4 |ow scattering path for the laser beafsse Fig. 2
gravitational fields where Newtonian gravitation is no longer ¢ the inception of LIGO project construction, GPS sur-
a good approximation. Detection may also yield a new Viereying techniques had been applied to a number of large
of the universe since gravitational waves emerge from theje precision surve§g®and their use in construction had
d_ensest regiops in astrophysical processes without attenuga-ome standard practices. LIGO, however, posed several
tion or scattering. _ , unique challenges. The beam tubes needed to be aligned
The LIGO facilities consist of two observatories, one along the propagation direction of light in vacuum and not
along the direction perpendicular to local gravity on the sur-
aEectronic mail: lazz@ligo.caltech.edu face of the Earth! The curvature of the Earth will cause the
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FIG. 3. Sectional view through the beam tube enclosure showing the rela-
tive scale of the beam tube and its structure.

FIG. 1. Aerial view of LIGO Hanford Observatory toward the SW along the
Y arm. The arm is 4 km long and has a midstation located at 2 km. ameter of 1.24 m. Optical baffles 9 cm high installed in the
beam tube and fabrication and installation tolerances reduce
Earth’s surface to deviate from the straight line propagatedhe actual clear aperture to 1 m. These details are listed in
by light in vacuum by 1.25 m ovea 4 kmpath if the line  Table I. Construction of the beam tubes was undertaken in 2
starts out level with the surface. The alignment was, therekm sections, called beam tube modules.
fore, not the same as that for a level highway or pipeline. A . . .
second special consideration, dictated by the nature of th'g" Feasibility studies and design
construction project, was that the GPS alignment needed to LIGO had identified in its 1989 conceptual desigthe
be carried out concurrently with the construction with nouse of a high precision dual-frequency, differential global
significant opportunity for a check to be made by standargositioning syster{DGPS survey as a technique by which
optical techniques until the construction was completed.  to set reference monuments that could be used as millimeter-
level optical benchmarks. However, at the time of the pro-
posal, the GPS equipment and procedures to achieve this
precision were not yet widely available to industry.

LIGO contracted with CB&I Services, IndCB&I) to The introduction of commercially available, real time
design, fabricate, install and align the beam tubes. PropddGPS systems in 1993 permitted the use of the GPS to be
alignment of the four 4 km beam tube sections was perceivegeconsidered by the time construction of the beam tube was
as a major concern for LIGO. The beam lines require a minito begin. Trimble Navigation’s Site Surveyor Real Time Ki-
mum clear aperturefd m in order to accommodate multiple nematic(RTK) system was identified as an off-the-shelf sys-
interferometers operating simultaneously within the sameem with millimeter-level accuracy that could perform in real
vacuum envelope. In addition, control of scattering and dif-time as needed in the field.
fraction of light at an acceptable level for the most sensitive A field demonstration was performed to evaluate the ca-
detectors contemplated in the facilities requires a large apepability of accurately measuring millimeter displacements
ture (refer to Fig. 3.

The beam tubes are fabricated from 3 mm thick, SpirallyTABLE I. Allocation of budgeted tolerances for the beam tube clear aper-
welded 304L stainless steel and have a nominal aperture digre.

IIl. METHOD OF ALIGNMENT

Value!
Description (m)
Fabricated beam tube aperture, minimum 1.238

Optical baffling systefh 0.202

Sources of aperture degradation during fabrication and installation
/ Straightness 0.010

N\ E——— Co_nc_e_ntncny errors _ 0.010
/ BEAM TUBE 4 km length Ellipticity of beam tube cross section 0.006
SEESECTIONAL ZBIII(ODULE (2 ea per site) GPS measurement error and tube placement tolerance 0.018
VIEW (Figure3) m length Net clear aperture 0.992

(4 ea per site)

®rrors are given as peak-to-peak values on diemeterand are added
algebraically to compute the total error allowed.

bTo control stray scattered light, the beam tubes are lined with strategically
placed sheet metal baffles which protrude radially 0.090 m into the beam
tube. Tolerances on the design result in an allotment of 0.101 m for the
total radial projection.

FIG. 2. Perspective schematic view of the LIGO LHO site showing the‘Includes “corkscrewing” due to fabricatiof0.006 mj, thermal warping,
beam tube arms and the 2 km modules of which they are composed. and sagging due to the weight of the tube matega004 ).
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GRS HoMEoNal DIspiaCcomant Précislon SPSYSrEd Displacament préciton (1) GPS dual-frequency receivers 4000SSi with OTF and 1
250 5 MB memory;
o \ g 2 - (2) data collector TDC-1;
g £ 5 /. : (3) geodetic ground plane antennas;
& M (4) a TRIMTALK radio system;
g ; ,I gfg ," \ (5) GPSurvey software;
HE) g . (6) TRIMMAP software;
\ i \\ 0 (7) a Pacific Crest 35 W radio system in lieu of the
- Pl N N L T NN TRIMTALK systems;

G 4. M g <ion of differential GPS s taken duri (8) 38 cm (15 in) Dorn—Margolan choke ring antennas to
. 4. Measured precision of differentia measurements taken during .

the alignment process. Horizontal:=0.000 36 m; ¢=0.0009 m; rss replace the geOdetlc ground plane antennas.

=0.000 96 m. Vertical;x=0.0018 m;0=0.0025 m; rsss0.0030 m. The .

horizontal precision was three times better than the vertical precision. The ~ The 1 MB random access memo(RAM) in the re-

vertical data show evidence of a bimodal distributione component with  ceiver was insufficient to accommodate a full day of ac-

#'~0.000 m and one with.'~—0.003 m. The assumption of a single  qjired data at th 5 s integration and sampling rate that was

broader distribution provides a conservative estimate of the precision. . . . .
used. The field technician was required to halt data acquisi-
tion and to download the fixed and roving receiver databases

using the dual-frequency system. This test was performed b§t 4 h intervals. Incorporating a minimum of 3 MB in the
displacing a GPS receiver antenna vertically and horizontalljeceiver would have greatly improved operational efficiency
with a translation stage and then comparing the GPS readolit the field.

to a mechanical dial indicator. Accuracy and precision tests

were performed with an integration time of 10 s. A total of . Field implementation

~260 points was measured for each of three displacement

directions. Postprocessing using a precise satellite ephemeds Layout of the global coordinate system

yielded Ir (one axis, horizonta=0.0009 m and & (one The fundamental coordinate system for the alignment
axis, vertica]=0.0025 m(see Fig. 4 The data also exhib- a5 the Earth ellipsoidal model WGS-841° All raw GPS

ited biasedi.e., nonzero means or offsgis the distribution  gata were referred to this system using geodetic coordinates
of residuals. The horizontal performance conforms very We'[height above ellipsoidh), latitude(¢), longitude(\)]. Geo-

to a normally distributed set of measurements. However, th@etic coordinates were transformed to the standard Earth-
vertical data exhibit a bimodality which, in the raw fixed Cartesian systenXg, Yg, Zg), whereZg is aligned
measurement-versus-actual displacement data sets, I§ong the Earth’s polar axis ang penetrates the ellipsoid at
sembles nonlinearity for small vertical displacements. As ghe intersection of the Greenwich Meridian with the Equator.
conservative estimate of overall measurement uncertaint;g,E is perpendicular to both axegefer to the Appendix

the root sum squar@ss of measurement bias and variance A global coordinate systenidenoted by subscripB)

was used for both axes. These results were used inythe specific to each LIGO site was defined in which theand
analysis described later. ¥ are aligned along the interferometer arms a@gds nor-

Similar repeatability tests were later conducted for eachng) to these axes. The interferometer plane was chosen to
arm at both sites to confirm that no systematic effects wergninimize construction cost&letermined by the local topog-
present. This also demonstrated that millimeter root Meagaphy) such that the global coordinate system lies in a plane
square(rms) precision was achievable along the 4 km arms.that is locally tangent to the WGS-84 model at some point

The early field test results were incorporated into theithin the triangle defined by the 4 km arms. Deviations
final design of the beam tube. The nominal beam tube diampetween the local zenith anz; can range up to~0.63
eter was chosen as a trade-off among materials costs, dimeg-10-3 rad. The global coordinate systems for the two sites
sional control of the fabrication process and beam tube aligngre further described in Sec. Ill.
ment accuracy. The trade study resulted in the allocation of  The ends of the beam tube modules along each(aem
errors presented in Table I. at ~46, ~2012,~2022, and~3989 m from the vertexcon-

The beam tube supports were designed to incorporate &ituted controlled interface points. These points were iden-
heavy stiffener with precision machined inside and outsidgjfied by benchmarkgmonuments having measured geo-
surfaces to provide a center reference. By incorporating tigh§letic coordinates that were provided by an independent
tolerances for concentricity of the stiffener rings, their out-syrveyor. CB&I used these points together with an array of
side diameter could be used as a reference to the beam tuge other LIGO primary GPS monuments to calibrate their
centerline. GPS instrumentation and software. The installation and sur-
vey of primary monuments were performed prior to the be-
ginning of the construction activities at the sites. At LHO the
work was performed by the Washington State Department of
TransportatiofWADOT) and it was performed by a private

CB&l chose Trimble Navigation’s Site Surveyor System surveyor at LLO. The calibration was used by the GPS data
for use on this project The following hardware configura- acquisition system in real time to provide alignment data in
tion was used: global coordinates.

B. GPS equipment
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CHOKE RING ANTENNA

LINEAR BEARINGS AND LEVEL
BALL, SCREW POSITIONERS

BEAM TUBE
SUPECRT RING

. . . . FIG. 6. Schematic showing the final alignment centering fixture with the
FIG. 5. Schematic of the field layout cart with a positioning system and a;tanna in place over a support ring of the beam tube.

choke ring antenna. A layer of ECCOSORB™ material was placed below
the antenna to limit spurious multipath reflections from the nearby concrete

enclosure and beam tube during the installation and measurement phases. The final alignment fixtures were similar for both sites
(refer to Fig. 6. The antenna rod was longer in Livingston to

Using global coordinates, the beam tube centerlines wergnable the antenna to protrude through the cored enclosure.
marked along the foundation slab at points spaced uniformlyhe fixture was a high accuracy centering head clamped on

at~20 m intervalgthe unit length of beam tube sections that the machined beam tube support stiffener ring, plumbed us-
were welded together in the figldlong both arms. ing a coincidence level and centered relative to the beam

A straight line in space varies in ellipsoidal height by tube support stiffening ring. The GPS antefihsas attached
~1.25 m ove a 4 kmbaseline. At each of the fiducial points, t0 arod of calibrated length. The reference distance from the

the design ellipsoidal height of the beam tube centerline wa8€am tube centerline to the antenna was taken as the rod
calculated using the WGS-84 model with the latitude andength plus the radius of the beam tube support stiffener.
longitude as inputs. These heights were used to perform pre- With this fixture in place, the GPS receiver was set to the

liminary alignment of the tube sections as the supports wer&TK “stake-out” mode to position the beam tube center to
installed during beam tube fabrication on the slab. the desired position relative to the global coordinate system.

Fiducial points were Surveyed using a |ay0ut c(mfer Once the pOSition was determined to be within a few mm of

to F|g a The cart was equipped with linear bearings and dhe desired location, the support was locked down. A 30 min
plumb alignment bracket and modified to support a fixedgcontrol point measurement was then taken and the raw data
height antenna rod. Antenna rods, levels and attachment fixvere logged by the receiver for subsequent postprocessing.
tures were periodically calibrated to better than 0.25 mmfhe control measurement was taken in the RTK mode to
accuracy to ensure repeatability of measurements. Antenirify position and to allow real time adjustment. Whenever
rods used a leveling device consisting of a coincidence-typ@n adjustment was required, a repeat 30 min control mea-
bubble level with a sensitivity of 10 arcsec/mm. This ar-Surement was taken to verify the change.

rangement provided acceptable repeatability in a reasonable

setup time. After a nominal fiducial point was identified, a 3. Gps reference points outside enclosures

15-20 min static control point measurement was taken to
provide a location determination. The nominal fiducial point
was adjusted if required and a scribed mark was made on t
foundation slab for the tube installation crew to use for roug
elevation and centering of the tube section and its support.

Additional GPS reference points were locat@ly at

O) outside the beam tube covers to provide the capability
Ho monitor the foundation slab for long-term height changes
due to settling. These reference points were placed at the

CALIBRATED FIXED

MODIFTED
/ TRTPOD

COINCIDENCE

TATERAL ADJUSTER

2. Final alignment

At Hanford, supports were aligned for the final time after
installation had proceeded for three to four sections, i.e.,
~80 m from the installation activity. This was just before the
beam tube became covered by cement enclosures and was
thus no longer directly available. At Livingston, the beam | ADITIOWL
tube enclosure sections were core drilled directly over the :
beam tube supports at120 m intervals. This design im-
provement allowed alignment to be confirmed after fabricasg, 7. schematic of the modified tripod setup for reference point measure-
tion was completed. ments at LHO.

ASSEMBLY
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edge of the foundation slab in line with each support ring. A(2) two vector components for theg axis (Nyx,Nxy,1); the
two axis centering tripod designed to hold and adjust a fixed n,, component was kept fixed; the unit vector was ob-
length GPS antenna rod was ugegfer to Fig. 7. A 30 min tained by normalization in a second step;
static control point measurement was taken for each point. 163) one vector component for theyg axis (yx,— (1
addition, a crosscheck was made using Trimble’s RTK stake-  +n,,n,,)/n,,,1); the orientation of the axis was con-
out procedure. These data serve as a reference for future GPS strained to lie in the plane normal to tbeaxis; this is
surveys that are made to assess slab settlement. achieved by varying only the component of thér axis
direction, constraining ity and z components; the unit

4. Postprocessing and data review in the field vector was obtained by normalization in a second step.

A data quality review was incorporated as part of the  Not all errors associated with the measured data points
daily field alignment procedure. Precise GPS satellitevere reported in the surveys. Therefore we used the mea-
ephemeris data were employed to determine postprocessedrement statistics that are shown in Fig. 4 for all data points.
positions. The ephemeris data were downloaded from the The rms residual of the input data with respect to the
U.S. Coast Guard web sité Satellite residuals for each data best-fit axes was 0.005 m withy& statistic of 1.5 per degree
point were determined relative to the reference mean for thatf freedom(DOF) for 75 DOFs. This fit yields the param-
point. Residuals were evaluated for consistency with theeters listed in Table II.
mean to identify and eliminate outliers. For every point sur-
veyed, the time dependence of residuals from all visible sat2. Results for the as-built beam tube arms at Hanford
ellites was displayed graphically. Typically, outliers arise

from data coming from satellites lying closest to the Iocal,[ions reported by CB&I were converted to Earth-fixed Car-

horizon. Residuals exhibiting nonstatistical fluctuations Wer&.qian coordinates using the relationships described in the
eliminated by moving the satellite elevation cutoff to higherAppendix. The points were transformed into the global co-

zenith angles or by eliminating data from suspect satellltesordinalte system of Table II. The values 6¥¢ and 6Z

There is a trade-off between degradation of the signal-to-

. . . _ long theX arm (or 6Xg and §Zg along theY arm) are the
noise ratio(SNR), which decreases as satellites are remove(?esidual alignment errors for each beam tube support posi-
from the analysis, and better data repeatability, which im-

) o : ion, and include both measurement errors and actual posi-
proves as data from marginally visible satellites are remove

: ; . _tioning errors.
After postprocessing, CB&I determined the geodetic coordi- g

¢ f all point q al the b tubes. Th Figure 8a) presents the residuals in the transverse direc-
hates of all points measured along the beam ubes. INegh s 45 a function of axial position along the beam tube
were provided to LIGO for further analysis.

arms. Some periodic and systematic trends are evident; how-
ever the magnitudes of the residuals meet LIGO specifica-
IIl. DEFINITION OF GLOBAL COORDINATE SYSTEMS tions. A small amount of skewne§s0.004 m; see Fig.)ds

AND ANALYSIS OF BEAM TUBE ALIGNMENT evident between the arntise., the lines which best described
DATA the two arms individually do not intersecfThe X arm was

the first to be aligned and exhibits more scatter in the data.

The final alignment data provided by CB&l were ana- The b stical ch " F 1t d
lyzed by LIGO to determine the residuals relative to the best- € better statistical characteristics of tharm are due to

fit descriptions for each site of the local right-hand coordi-the improved alignment techniques that evolved with in-

nate systems that have the{randY axes aligned along the creased experience in the field. Figures)%nd db), are
atter plots of the GPS measurements for both arms at Han-

beam tube arms. The methods employed at each site differ o N :
and reflected the accrued experience. These are describ%dd' These are _the same data as in Fig).8viewed along
the global coordinate systeor Y axes.

below. . .

Both beam tubes at Hanford are aligned to their respec-
tive axes to better than 0.005 m rrttevo axig. This quality
of alignment comfortably meets LIGO requirements. Table
1. Definition of the global coordinate axes Il presents the means and standard deviations for the trans-
. . verse dimensions along both arms. These results comprise a
The interface benchmarks that are located at the termlr]['otal of 404 data points taken at 20 m intervals and distrib-

and midpoints of each arm were used in a nonlinear regres-
uted equally between the arms.

sion analysis to first determine the best-fit description for the After beam tube alignment by CB&I, LIGO employed

global coordinate axes. The data consisted of repeated MeR. carvices of a surveying compalijogers Surveying, Inc

surements by independent surveying contractors for each & . 5 ;
. - . Sl] to verify the GPS based alignment data by indepen-
the eight positions located at nomina(§6, 2012, 2022, and Eent)]means.wQuality checks of tr?e CB& data )\/Nere F;))er-

3989 m along the two arms. The data were used in’a formed for a large number of selected points along both

minimization of the transversgwo-dimensional(2D)] re- arms. The checks were performed for both vertical and hori-

. - zontal alignment using a combination of optical and gravi-
axes. There are six degrees of freedom for the fit: three trans-"_, . .
) 4 metric techniques. We present data only for the vertical
lational and three rotational. These were chosen as follows; . e S L
alignment verification because this dimension is the one for

(1) three coordinates for the vertexXX(,,Y, ,Z,); which GPS accuracies are worse typically by a faet@Xx.

The geodetic coordinates for the beam tube center posi-

A. Hanford, Washington
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Parameters of the global coordinate system for Hanford, WA.
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Parameter

Value

Estimated

error Unit

Vertex

Geodetich, ¢, \):
[142.555(N46°2718.527 841),(W119°2427.565 681)]
Earth fixed Xg,Yg,Zg):

(—2.161 414 92& 10°, — 3.834 695 18% 10°, 4.600 350 224

[m,(dms,(dms]
m
(0.006,0.006,0.008

X 10°)
Xg Earth fixed &g ,Ve,Zg):

(—0.223 891 216, 0.799 830 697, 0.556 905359

Compass direction:
N35.9993°W(refer to geodetic north
Angle below the local horizontal at the vertex:
6.196x10 4
Vo Earth fixed &g ,Ve ,Ze):

(—0.913 978 490, 0.026 095 32060.404 922 65p

Compass direction:
S54.0007 °W(see footnote b
Angle above the local horizontal at the vertex:
1.24x10°°
Zs Earth fixed &g ,Ve,Zg):

(—0.338 402 190;-0.599 658 144, 0.725 185 541

Deviation from the zenith at the vertex:
6.195< 10 4, towardXg

2%x10°8 rad

3%x10°8 rad

2%x10°6 rad

3%x10°© rad

3x10°8 rad

aWith respect to the physical location of the benchmarks.

bSite drawings call for the arms to run N36.8°W and S53.2°W; these are referenced to the WA State Plane Lambert South Zone NAD 83/91. Geodetic North

is 47 39" (~0.8°) W of grid north at the vertex.

LHO X Arm LHO Y Arm
*
#

0.02 Cross-check 1 0.02

A2
B X

—0.01 (’ ]
= CB&I
Cross-check +2/_ 16 e G

1000 2000 3000 4000 1000 2000 3000 4000

0.01 0.01
E 0.005 g 0.005
o 0 < 0 M%m
[~ <
%_0.005 % _0.005

N 1 y )4
-0.015 S 16 -0.015 i 16
a) 1000 2000 3000 4000 1000 2000 3000 4000
X [m] Y [m]
LLO X Arm LLO Y Arm
0.02 0.02
0.015 0.015
0.01 0.01
’E‘ 0.005 ’E‘ 0.005
; 1} ; 0
©©—0.005 «© —0.005
—0.01 —0.01
—0.016 4/ 16 -0.0156 5 TG
1000 2000 3000 4000 1000 2000 3000 4000
0.02 0.02
0.015 0.015
_, oot _. ool
E 0.005 E 0005
> 0 3 0
°°—o.oos ‘o-o.oos
-0.01 1 -0.01 I
-0.015 2. 16 -0.015 S 1G
1000 2000 3000 4000 1000 2000 3000 4000
b) X[m] Y [m]

FIG. 8. Plots of the dependence of residuals on distance along the@ms:
Hanford, WA and(b) Livingston, LA. The =10 GPS measurement errors

are indicated.

We note that the horizontal alignment data in the lower pan-
els of Fig. &a) exhibit less variability and less evidence of
systematics, which reflects the fact that horizontal positional
accuracies are generally better with GPS.

The follow-up surveys provided orthometric heights
relative to the geoidas opposed to the ellipsoidal heights
provided by GP§ The geoidal deviations from the WGS-84
at each of the measurement points were calculated with a
software package from the U.S. National Geodetic Survey
using the GEOID96 modéf The orthometric height data
provided by RSI were presented as differential data for each
arm separatelydifferences of heights as one proceeds along
each arm In order to obtain absolute data connecting both
arms, a choice of reference datum was required. Two differ-
ent data were selecte@) the first interface point along thé
arm atXg;=46 m as determined by RSI arid) the same
datum as determined earlier by a third independent surveyor,
IMTEC. These crosschecks are presented in the top two
graphs in Fig. 8.

The RSl reference data are denoted as cross-check 1 and
cross-check 2 and are indicated kyand A in the plots. The
overall concordance between CB&l's reported alignment
data and the quality checks is evident and meets LIGO re-
quirements. This established confidence in CB&I's quality of
data so that subsequently fewer crosschecks were deemed
necessary.

B. Livingston, Louisiana

Alignment of the Livingston beam tube arms proceeded
in a different manner from what was done at Hanford. Expe-
rience with the quality of alignment at Hanford led to the
decision to use CB&I’'s alignment database as the primary
basis for determining the global coordinate system without
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# per 2 mm bin # per 2 mm bin respond to looking down the arms from the vertex. The
orientations(up, left, righd of the residuals from this
reference point are noted in the scatter plots. The causes
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. 20 cussed in the text.
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relying on independent surveys. Hence, instead of using onlgoordinates in the same manner described for Hanford. Both
eight interface points to determine the global coordinate sysbeam tubes at Livingston are straight to better than 0.004 m
tem, all available alignment data were used. rms (two axig. This quality of alignment comfortably meets
CB&l core drilled the beam tube enclosures and develLllGO requirements. Table Il presents the means and stan-
oped a direcin situ final alignment procedure with a con- dard deviations for the two transverse dimensions along each
tacting fixture at 64 control points where GPS measurementarm.
were made directly on the as-built beam tubes. We used the Figure 8b) presents the residuals in the transverse direc-
interface points in defining the module ends, just as at LHOtions as a function of axial position along the beam tube
and the rest of the module was defined as being in a straiglatrms. Systematic trends in the horizontal error with axial
line between those points. The core-drilled control pointsposition are evident. This indicates that the beam tube cen-
were used as a final check of alignment. We used the mederlines are slightly nonorthogonal. In fact, the lines which
surement statistics that were described earlier for all dathest describe the centerlines subtend an included angle
points. which is greater than 90° by 5.grad. The small nonor-
The rms residual for the best fit was 0.004 m witlya  thogonality of the arms resulted from the initial benchmark
statistics of 1.9 per DOF for 186 DOFs. Table IV presentsdata provided by LIGO to CB&I: subsequent analysis of the
the parameters describing the best-fit coordinate axes in Liarger data set revealed the deviation. If we remove the linear
ingston. trend from the residuals that is caused by this slight nonor-
The 404 alignment data points reported by CB&I for thogonality, then the best-fijbut nonorthogonalcenterlines
every 20 m along the beam tubes were transformed to globaésult in rms residuals of 0.002 X arm) and 0.001 m(Y
arm). Aside from the(acceptably smallnonorthogonality of
the arms, the quality of alignment is better than it was at
Hanford: once again, the accrued experience and improved

TABLE lll. Statistical description of the residuals for both sites.

Quantity Me(i;‘“ Std'(ggv"“ procedures of the CB&I team are evident.
Figures 9c) and 9d) show scatter plots of the GPS mea-
Ha’(’)“%’é‘é?‘/"A 0.003 surements for both arms at Livingston. There is no evidence
X arm, 6Z . . L. h
X arm, &Y 0.00006 0.003 of skewness for the Livingston site.
Y arm, 6Z 0.005 0.002
Y arm, 6X 0.0003 0.002
Livingston, LA IV. DISCUSSION
X.arm, 6z 0.0002 0.002 The data acquisition techniques described above were
X arm, 8Y —0.0006 0.003 C .
Y arm. 62 0.002 0.002 developed by a CB&l senior field engineer and were suc-
Y arm. 8X —0.0008 0.003 cessfully transferred to skilled technicians who then executed

them repeatedly with consistent results. The subcentimeter
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TABLE V. Parameters of the global coordinate system for Livingston, LA.

Estimated

Parameter Value error Unit
Vertex Geodetidh, ¢, \):

[—6.574(N30°33 46.419 531), (W90°46 27.265 294)] [m,(dm9,(dms]

Earth fixed Xg,Yg,Zg): m

(—74276.041 92 5.496 283 72k 10°, 3.224 257 01619 (0.006,0.006,0.004
Xa Earth fixed &g ,Ve ,Ze):

(—0.954 574 615,-0.141 579 994-0.262 187 738

Compass direction:

S72.2836°W(reference is geodetic nojth 2%x10°© rad

Angle below the local horizontal at the vertex:

3.121x10°4 2x10°°® rad
Yo Earth fixed &g ,Ve,Zg):

(0.297 740 169-0.487 910 627,-0.820 544 948

Compass direction:

S17.7164°E 2x10°° rad

Angle below the local horizontal at the vertex:

6.107x10 4 2x10°° rad
Zs Earth fixed &g ,Ve ,Ze):

(—0.011 751 435;-0.861 335 199, 0.507 901 150

Deviation from the zenith at the vertex:

3.121x 104, towardXg

6.107x 10 4, towardyg 2x10°° rad

aWith respect to the physical location of the benchmarks.
bSite drawings call for the arms to run S72°W and S18°E; these are referenced to Lambert grid coordinates, NAD 83/92, Louisiana Sdit@2Zone
Geodetic North is 1701" (~0.28% W of grid north at the vertex.

levels of precision achieved demonstrate the utility of DGPS.IGO interferometers are commissioned and this will pro-

for routine applications in the field. By using the proceduresvide a more stringent comparison of GPS and optical align-

described above the effort needed to align large-scale sysaent.

tems such as LIGO was significantly less than it would have

been had we relied on conventional techniqyes. _ ACKNOWLEDGMENTS
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there were no large systematic errors although the random

errors were known to be small. The direct measurement of The Earth-fixed Cartesian systeXy(Yye ,zg) is used for

the alignment using the laser beams will be improved as thgeodetic work. In this systemkg pierces the Earth’s surface

Ox

76~ 200 m
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A Note that in the geodetic model the veclois aligned along
Y43 the local surface normal. Consequently, its extension to the
equatorial plane will not in general intersect the origin.
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80ne source of systematic error is mutlipath interference. LIGO’s geometry
The Earth model, WGS-84, is described by an oblate ellip- and conducting beam tubes posed a concern. To eliminate this source of
soid with its semiminor axib=6 356 752.314 m abn& a error, a 61 cnx61 cm square of “ECHOSORB” material was placed

o . . 0.095 12) b th the GPS ant . Thi terial d to defi
semimajor axis with a value af=6 378 137 m, and eccen- m &.1/2) beneath the GPS antenna. This material served to define
the GPS antenna’s field of view to include only the upper hemisphere

tricity given by (1- €?)=0.993 306 R(¢) is the local radius viewing the sky. This improved SNR from 10% to 25%.
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