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1 INTRODUCTION

1.1. Purpose

The purpose of this document is to describe the design requirements for the Physics Enviro
Monitoring (PEM) subsystem. The present version of this document incorporates the recom
dations of the PEM DRR (1.4.1.16).

1.2. Scope

This document describes the philosophy and roles of the PEM subsystem, the environmen
monitored, sensors, requirements, and the quantity and placement of sensors.

1.3. Definitions and Acronyms

• BS - Beam Splitter
• BSC - Beam Splitter Chamber
• BT - Beam Tube
• BTM - Beam Tube Module (2 km Each)
• CDS - Control and Data Systems
• ETM - End Test Mass
• FMCS - Facility Monitor and Control System
• IFO - LIGO interferometer
• ITM - Input Test Mass
• LVEA - Laser Vacuum Equipment Area
• PSL - PreStabilised Laser
• PEM - Physics Environment Monitoring
• RGA - Residual Gas Analyzer
• RM - Recycling Mirror
• SRD - LIGO Science Requirements Document
• SEI - Seismic Isolation
• SUS - Suspension Control
• SYS - Detector Systems Engineering
• TM - Test Mass
• TBA/D - To Be Analyzed/Determined
• VEA - Vacuum Equipment Area
page 2 of 31
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1.4. Applicable Documents

1.4.1. LIGO Documents

1.4.1.1 LIGO Science Requirements Document: LIGO-E950018-02-E

1.4.1.2 Detector Subsystems Requirements Document: LIGO-T950112-04-D

1.4.1.3 Vibration and Acoustic requirements for the LVEA and VEA of the LIGO Faciliti
(revision): LIGO-T950113-04-O

1.4.1.4 LIGO EMI Control Plan and Procedures: LIGO-E960036-02-E

1.4.1.5 Ground Noise Meas. in MIT Buildings 20 and N9: LIGO-T960039-00-R

1.4.1.6 Test Mass Suspension and Control Concept for Initial LIGO Receivers:
LIGO-T920003-A-D. See also: Magnet Size Considerations; Interference and Coil Power D
pation: LIGO-T960126-01-I

1.4.1.7 Frequency, Intensity and Oscillator Noise in the LIGO: LIGO T960019-00D

1.4.1.8 ASC documents: Conceptual Design: T960134-00-D; DRD: T952007-03-I; See
Environmental Input to Alignment Noise: T960103-00-D

1.4.1.9 LIGO-Parsons DCCD vol 1 for Livingston: LIGO-C961574-00-O

1.4.1.10 Derivation of CDS Rack Acoustic Noise Specifications: LIGO-T960083-A-E

1.4.1.11 R. Weiss (Limits on RFI in LIGO; 3/8/89). See also T952009-00-E (PEM in LIGO

1.4.1.12 in T960029-00-H (PEM 1994): Cosmic Muons: M. Burka Memo 3/89; Rai We
Acoustic Pressure estimations; etc.

1.4.1.13  Issues and Considerations on Beam Tube Bake LIGO-T960124-00; see also: B

Tube Qualification Test, LIGO-T960125.

1.4.1.14 Ambient Ground Vibration Measurement at Hanford: LIGO-C950572-02-01

1.4.1.15 DAQ System DRR: LIGO-T960009-00-C

1.4.1.16 PEM DRR Review Report E960126-A-D and Assignment of AI L960751-00-D

1.4.1.17 A. Gillespie, Ph.D. Physics Thesis, Caltech, 1995; LIGO P950006-00-I

1.4.1.18 Wind Noise: LIGO-C960589-00-O; C960122-00-O and also LIGO L950353-00-U
page 3 of 31
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1.4.2. Non-LIGO Documents

1.4.2.1 D.C. Agnew: Strainmeters and Tiltmeters, Rev. of Geophys. Res., 24 (1986) 579

F. Wyat, J. Berger: Investigation of Tilt measurements using Shallow Borehole Tiltmeters, ibid

(1980), 4351

1.4.2.2 H. Volland: Atmospheric Electrodynamics, Vol.I and Ref., CRC Press, 1995

1.4.2.3 N. Christensen, Ph.D. Physics Thesis, MIT, 1990

1.4.2.4  M. Gordon, BS Physics, MIT, 1973

1.4.2.5 Reference Data for Radio Engineers, fourth edition, ITT, NY, 1956

1.4.2.6 Handbook of Geophysics and Space Environment, AF Cambridge Res. Lab,
 USAF, 1965, page 8-11

1.4.2.7 Physical Review D: Review of Particles Properties, vol. 50, page. 1269 (1994)
page 4 of 31
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2 GENERAL DESCRIPTION

2.1. Specification Tree

This document is part of an overall LIGO detector requirement specification tree. This parti
document is circled in Fig. 1.
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2.2. Product Perspective

PEM is designed to measure disturbances in the physical environment which might affe
interferometers and thus could produce spurious signals in the gravitational wave record
PEM is intended to function as an independent monitoring and calibration system to allow on
and off-line analysis. During the IFO operation, the data taken by the system is acquire
archived along with the interferometer signals and should be easily accessed by analysis ro
The PEM system shall be able to perform its sensing functions without requiring any othe
subsystem to be operational.

A design goal of the PEM is to employ sensors with sufficient sensitivity to measure the fluc
ing environmental variables to the naturally occurring ambient levels. The design requirem
to be able to measure the environmental impact on the initial interferometer.

The principal role of the PEM is to execute the functions listed in 2.3 related to improving de
tion confidence and reduction in the environmental noise in the gravitational wave observa
Another set of functions are related to detector diagnostics and detector development, as fo

1. Monitoring the physical variables in the vacuum system that could influence the perfo
mance of the detectors. (This function is distinct from the monitor and control to maintain
health and safety of the vacuum system which is provided by a self contained facility syst

2. Monitoring the perturbations to the environment induced by the support equipment in
buildings, the buildings themselves and those due to meteorological conditions which m
affect detector performance. (This function is distinct from the monitor and control to ma
tain the health and safety of the buildings provided by the FMCS.)

3. Measuring the transfer functions from environmental input to interferometer response

The PEM will monitor the vacuum system and the facilities with the sensitivity, bandwidth
timing resolution to be useful for the scientific data analysis, a capability not intended fo
FMCS.

The PEM also serves as part of the initial diagnostics and characterization of the interfero
during installation, performing the diagnostic tests that stimulate the detector at places whe
environment influences the noise budget and determine the detector transfer function to th
ronmental perturbation. The stimulation is carried out at levels to achieve high signal to
measurements but within the dynamic range of the detector. Examples of such tests are the
lation of the external points of support of the seismic isolation system to determine the se
isolation or the measurement of the response of a test mass to a spatially and temporally v
magnetic field.

The number and placement of the sensing and excitation systems is intended to be a minim
which will allow an initial determination of the need and use of the information of an environm
tal input. The system will be modified according to the experience gained from initial data.

An important concept for the PEM system is aportable (moveable) PEM cart (see 3.1). The
intent of this system is to perform stimulation and monitoring functions at different location
the detector during initial detector shakedown and diagnostics without having to purchase p
nent equipment for each test location. The PEM cart will be one of the first PEM elements
implemented at the sites,even before the IFO installation is complete, in order to monitor various
page 6 of 31
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environmental parameters from the early stages of the LIGO IFO construction. Local data c
tion will be used for these pre-CDS measurements.

There is enough uncertainty in the actual needs and learning to be done that we choose t
the implementation of the PEM. A limited installation, sufficient to determine the utility of
various sensing/excitation systems, will be made initially. In particular, a single 2km Beam
module will be instrumented. However, the CDS infrastructure (data acquisition system, co
and monitoring system) should beextensibleenough to accommodate the number of channels a
data rates required for instrumenting all BT modules in the event that it is later determined
of sufficient merit. For this reason we also give the anticipated numbers of elements for a
implementation’ of the PEM.

2.3. Product Functions

The PEM system main functions are summarized as follows:
1. To monitor and record the time and amplitude of disturbances in the physical environ
of the interferometers that could produce spurious signals in the gravitational wave reco
The data can be used as a primaryveto in the data analysis of the gravitational wave signal
from one site and to reduce the numbers of candidate events in subsequent coincidence
sis between records from interferometers at different sites.
2. To set limits on or measure the correlation of disturbances in the environment and th
at each site.

3. To provide data for the linear regression calculations of the cross correlated noises.

4. To provide continuous environmental disturbance records for direct correlations betw
sites and with the gravity wave records in specialized gravitational wave searches such
those for periodic sources and stochastic backgrounds.

5. To aid future interferometer subsystem development by determining sensitivities to ext
disturbances.

6. To provide diagnostic information on the performance of the interferometers and the L
facilities.

7. To measure the transfer functions between the environmental perturbations and the de

8. To provide stimulation and calibration of the detector noise where environmentally dr

2.3.1. Modes of Operation

The PEM subsystem elements can operate in several different modes; not all elements are
of all modes, and different elements can be in different modes simultaneously.

2.3.1.1 Detection mode:Continuous acquisition of PEM sensor data.

2.3.1.2 Threshold mode:Acquisition of one or more sensor outputs at an accelerated rat
with additional data due to the crossing of a threshold in the triggered sensor or by some
event (within the PEM, detector, on-line data analysis, etc.).

2.3.1.3 Diagnostic/Calibration mode.Some of those tests are performed periodically as p
page 7 of 31
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of a scheduled or exploratory research and/or calibration program. The functions of this mo
to:

• enable measurements of the interferometer sensitivity to environmental input
• support diagnosis of other subsystems
• provide diagnostic capability to determine the performance of the PEM
• enable implementation of calibration procedures within the PEM (e.g., determination

the sensor sensitivities)

2.3.1.4 Stand-alone mode.The PEM cart can be used without any reference to the rest of
detector, for both early tests (before the CDS infrastructure is in place, via the carts stand
data acquisition system) and for later measurements where any connection with the outside
could compromise the data.

2.4. Environment

This section describes the environment which the PEM must sense and information on the
ferometer sensitivity to the environment.

The PEM sensitivity requirement will be to measure the environmental level at which the in
interferometer is sensitive; the PEM goal will be to measure the background environmenta
(if the cost impact is small, improved sensitivity is justifiable). The following exceptions are c
sidered:

• If the environmental level at which the initial IFO is sensitive can not be readily establis
with reasonable confidence, then the requirement should be to measure the expected e
mental level.

•      If the measurement of the expected environmental level is beyond the capability of th
commercial equipment, then either (1) the capability of the best commercially available
instrument shall be deemed acceptable, or (2) if warranted on a cost and schedule bas
level at which the initial IFO is sensitive must be established by test, analysis or simulat

2.4.1. LIGO detector performance (see 1.4.1.1, 1.4.1.2)

The requiredinitial detector performance is:

• x (100 Hz) = 2.0 x 10-19 m / Hz1/2

• x (10 kHz) = 4.0 x 10-18 m / Hz1/2

For reference, we give theultimate detector performance as limited by the facilities:

• x (100 Hz) = 2.0 x 10-21 m / Hz1/2

• x (10 kHz) = 2.0 x 10-21 m / Hz1/2

2.4.2. Seismic Noise

Fig. 2 shows a straight-line approximation to the measured seismic noise at the two LIGO
See also 1.4.1.14. The facility will add some locally generated noise due to coupling to wind
1.4.1.18), HVAC, and anthropogenic activity. To specify the PEM, we wish to know the lo
page 8 of 31
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limit of the noise, which is given by the minimum of the curves in Figure 2. For reference, we
give the ‘LIGO Standard Spectrum’ definition, used in initial design work:

•  for

•       for

•  above 10 Hz

Figure 2: Ground noise at LIGO site

There is also angular motion, or tilts of the ground. A simple model is as follows: A straight-
fit is made to the measured spectrum. The wave number for seismic waves is approxima

, which gives 3 km/sec for the microseismic peak and 10 km/
for 1 Hz and above (this assumption must not be valid for very high frequencies). Then, s
and tilts are assumed to be of the form . This leads to the following approxim
spectrum for the LA site (the noisier of the two):

 for

 for

 for

 for

x f( ) 10 9– f[ ] 3– m Hz⁄< 0.1Hz f≤ 1Hz<
x f( ) 10 9– m Hz⁄< 1Hz f 10Hz≤ ≤

x f( ) 10 7– f[ ] 2– m Hz⁄<

LA (noisy/quiet)

WA (noisy)      

WA (quiet)      
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Ground Motion at LIGO Sites

Frequency (hz)

x(
f) 
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/sq
rt(

Hz
)

k f( ) 2
4–×10 f 0.1 Hz( )⁄( )0.7=

θ kxseismic=

1.2
9–×10 f 0.15⁄( )3.7 rad Hz⁄ 0.10 f 0.15< <

8.4
12–×10 1.3 f⁄( )2.3 rad Hz⁄ 0.15 f 1.3< <

9.3
12–×10 f 1.5⁄( )0.7 rad Hz⁄ 1.3 f 1.5 0.15( )< <

9.3
12–×10 1.5 f⁄( )2.3 rad Hz⁄ f 1.5>
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2.4.3. Acoustic Noise

Figure 3: Sound Pressure Requirements (see 1.4.1.10)

The required acoustic noise levels in the LVEA are given in 1.4.1.10 (see also 1.4.1.3). F
shows the Sound Pressure Level (SPL) requirements as calculated in this document. Ta
account these calculations, as well as Weiss’s acoustic pressure calculations (see 1.4.1.
required acoustic power pressure sensitivity for sensors mounted near the tanks sho

.

Barometric pressure changes will change the force exerted by the Vacuum Equipment o
LVEA slab, and due to the finite stiffness of the slab thus also the flatness of the slab. This c
both translations and tilts of the suspended components. Initial calculations, documen
1.4.1.8, indicate that this may dominate the excitation at some frequencies.

2.4.4. Magnetic Field Fluctuations

The sources of magnetic field fluctuations can be divided into external and internal to LIGO.
surements of the average magnetic fields in quiet environments (see 1.4.2.3 and reference
cate that the typical range of such magnetic fields fluctuations are of the order of

for frequencies around 100 Hz. Other measurements, quoted by the SUS DRD
1.4.2.3, indicate values of the magnetic field in between and at 100 Hz
normal weather conditions).

In Fig. 4 • we present a set of natural magnetic field measurements. On the same plot a
played the measured magnetic field at two MIT locations which represent our current bes
mate of the stationary magnetic field background in a working laboratory. The data wi
updated with measurements at the LIGO sites when possible. The following data are show
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• Saipan during active thunderstorm period (see 1.4.2.3)
• Malta during moderate period (see 1.4.2.3)
• Malta over the fall (the most active season) (see 1.4.2.3)
• Northern Sweden (see 1.4.2.2)
• Kochi, Japan (see 1.4.2.2)
• MIT Building 20 (LIGO lab) (see 1.4.1.5)
• MIT Building 9 (see (1.4.1.5)

Figure 4: Plot of B(f) field (in T/Hz1/2) vs. frequency (in Hz). See text.

An important external source is thunderstorms as well as the resonance cavity formed by th
with its ionosphere, leading to significant signals in the vicinity of 25 kHz with an apparent s
pulse induced by thunderstorms on our masses of the same order of magnitude as the LIGO
tivity. Lightning events also generate significant RF (see 2.4.5). Measurements made by
and Gordon and documented in Christensen (1.4.2.3, 1.4.2.4) indicate the possibility th
lightning strikes may induce brief magnetic pulses at large distances, comparable with the
site separation. Conservatively, we might expect to have magnetic bursts of about T a
sites if a lightning strike with a current of at least A occurs at the mid-point between the
LIGO sites. The bursts might last 50-200 s (see 1.4.2.3, 1.4.2.2).

Local sources are due principally to electronic systems (such as currents in conductors an
tronics, laser and their control electronics, etc.), but can also be due to objects modulatin
external field such as passing cars/trucks.

A 60 Hz magnetic field ambient of 10mG ( T) is typical for industrial environment close
the power lines. For LIGO, it is expected that those lines will have (eddy current) shielding
twisted to reduce the dipole contribution. Recent calculations (D. Coyne, B. Young, private
munications, to be released as LIGO document) of the LVEA magnetic field for the “worst c
chamber location in the LVEA, predict the resultant magnetic field B(60Hz) centered in the c
ber to be less than 1.5mG (without shielding, which should reduce the field by a factor of 3).
prediction is consistent with measurements done at the 40m prototype. Power line fluctu
might also induce magnetic field fluctuations (see 2.4.7). Those values largely exceed the n
magnetic field fluctuations as well as the recommended maximum magnetic field fluctuation
1.4.1.6) of T/Hz1/2, but occur at known frequency of the AC power and its harmonics.
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The principal design problem for the magnetic sensor will be to obtain the dynamic range to
sure in the vicinity of the test masses the small fluctuations against the steady state but larg
at the power line frequency and its harmonics.

2.4.5. Radio Frequency Interference (see 1.4.1.4 and 1.4.1.11)

The principal sources of radio frequency interference can be divided into external and inter
LIGO. Continuous natural local RF noises might be of the order of 1mV/m at 10kHz to a

above 10MHz (for typical values for suburban area, see fig. 5 from 1.4.2.5). Con
ous human-generated local RF sources such as local radio and TV stations, transformers
lines, power supplies are in accordance with FCC regulations. Measurements made at the H
location (see EMI 1.4.1.4) indicate RF signals up to 300 mV/m, generated by the local TV
tions.

Thunderstorms and high altitude magnetic perturbations generate RF noise (see also 2.
thunderstorm generated noise). Ref. 1.4.2.6 indicates that for typical lightnings produced a
than 1000Km, we might expect electric field bursts up to 100 mV/m; thus that we may havecorre-
lated events between LIGO sites due to electric field variations from lightning.

Internal/Local sources will be from local human-generated RF sources such as hand held
mitters, cellular telephones, cars, all kind of electric switches, electronics and power supplie
modulation systems, etc. These sources will probably dominate over external sources (s
EMI Guidelines document for the list of sources and banned sources). For all electronic de
EMI Guidelines recommends the maximum radiated field to be less than 100 mV/m at 1 m

10µV m⁄
page 12 of 31
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Figure 5: RF noise for US latitudes

There is a large local contribution which must be removed to sense the smaller but possibly
significant contributions that would correlate between the sites and between interferometers
same site. The important measurement will be to monitor changes around the ambient leve

E
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2.4.6. Cosmic Muons (see 1.4.1.12)

The passage of cosmic muons through the LIGO test masses might induce pendulum mot
well as excite the internal motions of the masses. Calculations show that the most likely sou
noise induced by cosmic muons occur for very high energy showers.

• In order to be conservative, we will present here the displacement calculations for the
advanced LIGO detector. Assuming the mirror dimensions for the advanced LIGO to be
D=30cm and L=20cm, we find:

- displacement spectral density due to a single horizontal muon with kinetic energy ab
200MeV:

   - the standard muon background produces (conservative, see 1.4.2.7 and ref):
.

- the expected rms displacement at 100Hz due to muon background is
in 1 Hz bandwidth, which is negligible in comparison with the advanced LIGO requirem

•  Table 1 shows few values for the force spectral density due to thermal noise:

where is the effective mass of the pendulum (see 1.4.2.4), and is the resonant a
frequency of the test mass. The values used in Table 1 represents a very small, but repres
sample of the calculated resonances and effective mass coefficients for the planned initial
optical parameters developed by Kent Blackburn for the initial IFO. For our purposes, the im
tant points are those with low both effective mass and resonant frequency.

•  The average force spectral density due to the cosmic muon background (upper limit), t

Table 1: Force spectral density for initial and advanced LIGO pendulum

IFO
Resonance

Q
(thermal) (muons)

    Initial
    M=10.7 Kg

0.74 Hz (fun-
damental)

          1

    9421 Hz     0.50

   29100 Hz      390.

   29587 Hz      1.224

    30792 Hz      0.087

 Advanced
    M=30 Kg

0.74 Hz (fun-
damental)

          1

x
1µ

f( ) 3.9 10 22–× f 2⁄( )m Hz⁄=

x f( ) 5.3 10 22–× f 2⁄( )m Hz⁄=
xrms 5.3 10

26–× m=

f 0i
αi

F
2

f( ) N
2

Hz⁄[ ] F
2

f( ) N
2

Hz⁄[ ]

107 6 10 26–× f⁄ 9.3 10× 39–

107 5 10 18–× f⁄ 9.3 10× 39–

107 3.7 10 14–× f⁄ 9.3 10× 39–

107 1.2 10 16–× f⁄ 9.3 10× 39–

107 9.2 10 18–× f⁄ 9.3 10× 39–

109 1.7 10 27–× f⁄ 5.4 10× 38–

F2 f( )
4kBTαiMω0i

2

Qω
-----------------------------------=

αi M× ω0i
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induce pendulum motions of the test masses and the excitation of its internal modes, is

where is the momentum deposited by a muon into the test mass, and is the ho
tal muon flux through the test mass. We may conclude that the background muon induced
due to the ionization process only is negligible with respect to the thermal forces (see Table
1.4.1.17).

•  The displacement due to aburst of muons generated by a high energy cosmic proton or a
nucleus interacting with the earth’s atmosphere might be significant for very high energy pri
cosmic rays. Previous calculations (see 1.4.1.12) indicate that in order to induce a mirror dis
ment equivalent to the LIGO advanced detector sensitivity, the necessary number of hori
particles interacting with the mass is of the order of particles. It was estimated that
a density of muons might be produced by horizontal primary cosmic protons with energy o
order of eV or higher. More recent calculations, based on full GEANT Monte Carlo sim
tions and data from literature, shows that for the initial LIGO IFO the rates of cosmic sho
which might affect only one end of the IFOs test masses are of the order of one every few
sands years. The probability to have excitations due to cosmic muons at both ends or at t
sites is much smaller.

TBA: A simulation program will be written to study if a catastrophic loss of muon energy mi
affect the muon induced noise. The probability of such events is very small, and it is very un
to happen simultaneously in more than one test mass. The results of those calculations
included into a LIGO Technical Note.

2.4.7. Power Line Fluctuations (see 1.4.1.9)

The instrumentation building power distribution system typical of that used for standards
research laboratories. Some of the guidelines for the power distribution and wiring of the L
are listed below (Hanford Final Design Rep, Vol I--DCCD doc, Parson 4/12/96 draft):

 - Nominal Voltages: 120V and 480V
 - Ranges: 2% for Uninterrupted Power; +4% and -8% for technical power
 - 5% maximum Total Harmonic Content (THC)
 - Frequency 60Hz; 1Hz fluctuation.
 - Transients shall not exceed +10% of the specified voltage for a duration not

 exceeding 200 microseconds.

In order to reduce the incidence of power line transients and associated fluctuating ma
fields, effort has been made to avoid electrically driven devices which cycle on off such as
actuated fans in the HVAC system and pumps. Another measure that has been taken is t
rotating machinery (other than transient pump carts) 10 meters or more from the test mass
bers.

2.4.8. Residual Gas (vacuum) see 1.4.1.13

Average Pressure:The average pressure in the Beam Tubes for the initial pumping strateg
required to cause less than 1/2 the shot noise contribution ( ) to the in
interferometer noise, due to statistical fluctuations in the residual gas optical index. It is exp

F2
µ f( ) 2Pdep

2 dN dt⁄( )=
Pdep dN dt⁄

1.5 105×

1018

h f( ) 5 10 24–× Hz⁄≤
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based on QT tests, that the level will be much less (making less than a 1/10 contribution to
noise, or a negligible level). The long-term goal for the performance of the system is to mak
than 1/2 the quantum limit noise contribution for a 1 ton test mass for a search for periodic wav
at 100 Hz ( ). Note that the scaling law for this noise source

.

Gas Bursts:The initial sensitivity to bursts, Hz at 100Hz, is for the initial interferom
ter and for the advanced interferometer . The allow
rates per IFO (triple coincidence, no templates), for an accidental coincidence rate of 0.1
coincidence window of ~10 msec, rate 1/minute translates to a rate/area (bellows and welds
tube module) of . The Equivalent Hydrogen bursts in terms of press
are (initial interferometer) and (advanced interferom
eter).

Leaks: The maximum air leak permitted per beam tube module end pumping (2200 liters/s
 (1/10 of the goal statistical phase noise).

2.4.9. Vacuum Contamination (see 1.4.1.13)

TBD; no requirement has been established, pending contamination measurements and inte
tion. A trial requirement is that the vapor pressure of condensable gases with optical loss to
a deposition of less than 1 monolayer per month on optical components. See Appendix 1.

2.4.10. Meteorological conditions

Weather will influence the performance of the interferometers through acoustic, seismic, and
tromagnetic paths due to changes in the wind (see 1.4.1.18), barometric pressure, humidi
cipitation, solar heating/cloud cover cooling, and lightning. In addition, it will be useful
monitor acoustic disturbances external to the buildings (airplanes, shooting, vehicles). The
of propagation and typical sizes of disturbances indicate the need for monitoring at both the
station and the end (and mid) stations.

2.4.11. Clean Room Monitoring

Dust particle counters are required to monitor the air quality of the clean rooms. PEM will pro
fixed and portable dust particle counters for the LVEA, VEA and optic room spaces.

3 REQUIREMENTS

3.1. Introduction

The PEM system derives its requirements from the ultimate LIGO detector performance (fo
sensitivity and excitation levels) and availability. The requirements are grouped into section
responding to the main subsystem and detector techniques proposed for the PEM syste
main requirements and proposed performances are presented. As mentioned in section 2
PEM sensor requirements are calculated at the sensor locations, and are derived from the s
LIGO requirements. We derive all noise requirements given below assuming that the related

h f( ) 1.5 10 25–× Hz⁄≤
h f( ) 4.8 10 21– R x H2⁄( ) P torr( )〈 〉L

1 2⁄×≤

∆B 100≈
hrms 1.5 10 22–×= hrms 1.5 10 23–×=

1 10 8–× bursts cm2s( )⁄
∆P 3 10 15–× torr= ∆P 2 10 16–× torr=

Qair 8 10 9–× torr liters s⁄⋅≤
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amplitude spectral density is held to 10% of the LIGO sensitivityh(f) at all in-band frequencies.
The stimulation (excitation) systems are specified to give signals at the test points that pro
10/1 (TBA) signal to noise over the existing background for most of the designed dynamic ra

The roles of the sensors for veto, diagnostics, and transfer functions will be defined later. Th
be given in table form as the preliminary design advances, and laid out in a way to ease the e
tion of the impact on availability of the detector. (TBD)

3.1.1. The PEM Moveable Cart

Some of the sensing equipment and sources of excitation are proposed to be part of de
PEM moveablecarts.Physically, at each site there might be a couple of carts, each contain
part of the sensors and excitation sources listed bellow, or a single cart which can be instrum
as required. This carts can move from place to place in the LVEA, BT or mid-end stations to
ply excitation and to temporarily place sensors. They communicates with the CDS back
wherever installed for data acquisition, and can also use independent local data logging. Th
carts allow the reduction of fixed excitation and sensing stations. Note that NONE of the elem
of the Moveable Cart are required in order for the interferometer to be considered operat
The PEM carts will contain the following (the characteristics are listed in chapter 3.2):

3.1.1.1 Sensing Equipment for the PEM Carts

• 3 x 3 accelerometers
• 2 acoustic microphones
• magnetic field sensors
• RFI sensors
• RGA and contamination control electronics
• temperature and humidity sensors

3.1.1.2 Sources of Excitation for the PEM Carts

• PZT and electromagnetic shaker excitation for the seismic noise above 10 Hz.
• Portable PZT calibrator
• acoustic noise generators
• magnetic field generators
• RFI generators

3.1.1.3 Remote control of the PEM Carts

• Remote commands to be interpreted by the PEM cart, TBD; telephone-line bandw
modem link anticipated to suffice.

3.1.1.4 Special Requirements for the PEM Carts

• The PEM carts should be considered as thefirst PEM subsystem to be implementedat the
sites. In the first stages, it can have its own data acquisition system for quick indepe
tests and evaluations of the environmental noises.

• The PEM cart can be placed anywhere on the LIGO site within one day to carry out a
collection plan. The required 24 hours are from the conception of measurement to e
ment in place ready to perform measurements.
page 17 of 31
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3.1.2. PEM Cart Stand-alone Operation

For measurements made on the BT locations where CDS ports are not available, the PE
control and monitoring, as well as a temporary data storage, should be sufficient to allow co
ous stand-alone operation of all devices for a period of 24 hours. This “independent” PEM
will be extremely useful during the initial LIGO construction and operation. The data will
downloaded periodically at one of the dedicated CDS ports located in all buildings. A po
inverter (12VDC to 120 VAC) shall be included to allow a nearby vehicle to supply tempo
power.

3.2. Characteristics

The quantities of sensors given below are for the initial implementation of the PEM. When
are differences, the number and placement of sensors for a ‘full’ implementation are also gi
aid in projecting future CDS requirements.

3.2.1. Performance Characteristics of the PEM Sensing System

3.2.1.1 Seismic Noise: Low Frequency  Hz

Due to the nature of the seismic noise, and with the proper requirements for other vibration g
ators, we propose to have one 3-axis seismometer and one 2-axis tiltmeter per building.

3.2.1.1.1 Low frequency 3 axis seismometer

• sensitivity: for . This sensitivity is suffi-
cient to verify the seismic environment as measured before construction at the sites

• maximum noise level:
• dynamic range 100 dB
• frequency range 0.1 to 10 Hz
• one per building: 5 in WA and 3 in LA
• availability requirement: all LF seismometers required
• spares: one per site
• calibration: 10% accuracy; periodic cycling of in-service units to manufacturer, spa

service

3.2.1.1.2 2 Axis tiltmeter

• sensitivity: . This is a sufficient sensitivity to observe th
expected effect on the interferometer. This is the sensitivity of available sensors, b
insufficient to detect environmental tilts except possibly at the microseismic peak. A
sor is required with a sensitivity of roughly ,

, . This sensitivity would allow the estimated
ambient tilt spectrum to be verified.

• dynamic range 100 dB
• bandwidth: 10 Hz
• one per building: 5 in WA and 3 in LA
• availability requirement: one in WA, 1 in LA

0.1 f 10≤ ≤

x f( ) 3
10–×10 f[ ] 3– m Hz⁄< 0.1Hz f≤ 1Hz<

a 10
10–

g<

θ f( ) 2 10× 9– f 2⁄( )rad Hz⁄≤

θ f( ) 1 10× 13– f 3⁄( ) rad Hz⁄≤ f 1 Hz<
θ f( ) 1 10× 13– rad Hz⁄≤ 1 f 10 Hz< <
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• calibration: 10% accuracy; manual self-calibrating using built-in micrometer screw
• spares: none

3.2.1.2 Seismic Noise: High Frequency  Hz

The PEM will

• monitor the motion of the TM tanks and sample other important points in the interfero
ter

• monitor the beam tube mechanical excitation, initially on one BT module
• monitor the ground motion near seismic support piers in order to obtain the transfer

tion from floor to support beams. These accelerometers are part of the PEM portable
tation/diagnostic cart.

3.2.1.2.1 High frequency 1 axis PZT accelerometer

• sensitivity: , Hz. This allows the measured nois
level at the sites to be verified.

• dynamic range 100 dB
• bandwidth: 200 Hz
• 3 x 3 accelerometers/site for the PEM cart: 9 in WA and 9 in LA
• number of accelerometers at different locations:

1. WA 4Km IFO: 6x(4 TM)+3x(8 other chambers: BS, HAM, PSL) = 48
2. WA 2Km IFO: (12 chambers) x 3= 36
3. LA 4Km IFO: (12 chambers) x 3 = 36
4. WA: 3 accelerometers every 500m on one BTM: 15

• TOTAL accelerometers at WA site: 9(cart)+48(4Km IFO)+36(2Km IFO)+15(BTM)=10
• TOTAL accelerometers at LA site: 9(cart)+36(IFO)=45
• availability requirement:oneaccelerometer per VE chamber plus PSL
• calibration: 10% accuracy; test/calibrate with PEM shaker (or accelerometer calibrat

calibration apparently needed; periodic cycling to manufacturer
• spares: 5 at WA, 5 at LA

3.2.1.3 Acoustic Noise (see 2.4.3)

The acoustic noise is important in the vicinity of the optics; one per VE chamber is required.
ently we are proposing to instrument all vacuum chambers (in WA: 4 ETM + 4 ITM + 2 BSC + 6
Input HAM + 6 Output HAM = 22; In LA = 11), the PSL/IOO (2 in WA and 1 in LA), as well a
the carts.

3.2.1.3.1 Microphones

• sensitivity . This allows the ambient nois
level requirement in the LVEA to be verified.

• dynamic range 60 dB
• bandwidth: 10Hz - 1kHz, TBD
• one per tank, two near PSL/external IOO, two per cart per site: 22+2+2=26 in WA

11+1+2=14 in LA
• availability requirement: one functioning microphone per 5m radius of intended im

mentation

10 f 200≤ ≤

x f( ) 10 8– f 2⁄( )m Hz⁄≤ 10 f 200< <

p f( ) 10 4– N m2 Hz⁄⁄( )≤ 10 9– atm Hz⁄=
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• calibration: 50% accuracy; periodic test with PEM loudspeaker to see similar respon
all microphones

• spares:5

3.2.1.4 Magnetic Field (see 2.4.4)

This disturbance source also has a short scale length and thus requires instrumentation clos
test mass to be useful. The national thunderstorm activity network may also provide data
correlation is important both for magnetic and RF signal produced by thunderstorms. In add
in order to measure the natural magnetic field environment, a DC-powered magnetometer
posed to be mounted outside of the LVEA at each site, to ensure freedom from locally-gen
60 Hz fields in the LVEA.

3.2.1.4.1 3 Axis Magnetometer

• sensitivity . This sensitivity is sufficient to determine if th
environment will influence the test masses, with reasonable assumptions for mag
field sources external to the vacuum equipment ( is our b
estimate for the field at the test mass which would equal thermal noise in the initial i
ferometer; see 1.4.1.6)

• dynamic range 100 dB, with 60,120 Hz filters
• bandwidth: 1k
• availability requirement: remote magnetometer required.
• calibration:10%; periodic cycling of units to the manufacturer for calibration, and in

mal calibration with the PEM magnetic field source
• spares: none

•• initial installation: total 8 in WA and 2 in LA as follows

1. one per cart: 1 in WA and 1 in LA
2. one for each chamber with a core optics (RM, BS, 2xITM and 2xETM): 6 in WA
3. one remote magnetometer per site, outside the LVEA, to be placed such that the 6

and multiples are minimized: 1 in WA and 1 in LA.

•• CDS extensibility to allow one/chamber with core optics in LA: additional 4 in LA

3.2.1.4.2 Thunderstorm monitor

A means to obtain information on lightning activity is proposed. To be useful, it must add v
beyond the local magnetic field sensors described above.

One possibility is to subscribe to the services of the ‘National Lightning Detection Network
private network of lightning sensors. Their product delivers the following specifications for clo
to-ground strikes. One estimate is that this is 25% of the total lightning activity, and thus ma
be complete enough for our needs.

• timing accuracy to ~10 microsec
• position of cloud-to-ground strike to <1 km, continental US
• intensity of strike, ~30% accuracy
• real-time data delivered via satellite link
• availability requirement: TBD

B f( ) 2 10× 11– T Hz⁄( )≤

B f( ) 1 10× 12– T Hz⁄( )≤
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• calibration: by others
• spares: none

3.2.1.4.3 High Sensitivity Custom Made Coil (not in initial PEM)

• sensitivity at 1kHz. This possible increase in sensitivity w
allow a measurement of the field at the same level which would affect the test mass

• Internal Noise  at 1Hz
• dynamic range 100 dB
• bandwidth: 1kHz
• built-in bucking coil for  Hz compensating field
• availability requirement: TBD
• calibration: TBD
• spares: TBD

•• CDS extensibility to allow (as in 3.2.1.4.1): 8 in WA and 6 in LA

3.2.1.5 Radio Frequency Interference (see 2.4.5)

3.2.1.5.1 Multi-channel Antenna/Receiver

• sensitivity . We do not have a model to indicate coupling from RFI to t
GW output; this sensitivity level will allow the probable natural RF environment to
detected.

• dynamic range 120 dB
• bandwidth: 1.3GHz
• peak detection in 6 bands with msec timing
• estimated data rate per receiver: 6x16 bit, 2048 Hz sample rate
• one per site: 1 in WA and 1 in LA (moveable units)
• availability requirement: both RFI receivers must be operational
• calibration:10% in field strength; periodic cycling of units to manufacturer for calibrati

with rented substitute
• spares: none

3.2.1.5.2 Narrowband RF receivers

• one per RF modulation frequency
• sensitivity . We do not have a model to indicate coupling from RFI at

modulation frequencies to the GW output; this sensitivity level will allow the proba
natural RF environment to be detected.

• antenna placed in close proximity to the antisymmetric photodiode
• data collected on TBD 1 db change in level
• 2 in WA and 1 in LA
• availability requirement: all Narrowband RF receivers must be operational
• calibration: using PEM source; relative response only
• spares: none

B f( ) 2 10× 12– T Hz⁄≤

nrms 10 12– Trms Hz⁄≤

n 60⋅

E 10 µV m⁄( )≤

E 10 µV m⁄( )≤
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3.2.1.6 Cosmic Muons (see 2.4.6)

The position of the muon detector should in the corner building near the TM tanks. The de
should be sensitive to short bursts of muons. At the present time, we are proposing to insta
one detector at the WA site.

3.2.1.6.1 Scintillator Detector

• The sensitivity in terms of the flux of minimum ionizing muons of at least 100 M
kinetic energy .

• 1msec timing resolution or better
• dynamic range: 60dB
• estimated data rate per detector: 1x16 bit 2048 Hz sample rate
• one in WA
• availability requirement: TBD
• calibration: TBD
• spares: none

3.2.1.7 Power Line Fluctuations (see 2.4.7)

3.2.1.7.1 FMCS Current monitors

The CC-installed current monitors will be integrated into the PEM system.

• sensitivity: TBD; resolution: TBD
• number: one for entire building, one for the chiller plant, one for utility buses
• availability requirement: Entire Building signal required
• calibration: 10%; no variation anticipated
• spares: none

3.2.1.7.2 Power Line Monitor

• sensitivity: fractional fluctuations in voltage:
long period: , for minutes;

 for 1sec to 1msec
 for less than 0.2 msec

We do not have a model to indicate coupling from power line fluctuations to the GW out
this sensitivity level is conventional for power line monitors.
• harmonic content: less than 0.05 for line harmonics to 2kHz
• dynamic range: 60dB
• estimated maximum data rate per power line monitor: 4x16 bit, 2048 Hz sample ra

threshold crossing, 20Hz sample rate for continuous monitoring below threshold.
• availability requirement: All power line monitors must be operational
• calibration: periodic (~yearly) cycling to manufacturer of one unit at a time
• spares: none

•• initial installation: 2 technical power monitors at WA and 1 at LA to measure the
power quality and perform cross-correlation analysis with the interferometer during com
sioning in order to determine the factors and levels to which the interferometer is sensitiv
establish the requirements for a complete power monitoring system for later installation.

F E 100MeV>( ) 10 4–≤ µ s m2⁄⁄

∆V V⁄ rms 0.02≤
∆V V⁄ rms 0.01≤
∆V V⁄ rms 0.05≤
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•• CDS extensibility to allow 1/building: additional 3 in WA and 2 in LA.

3.2.1.8 Residual Gas (vacuum) see 1.4.1.13.

3.2.1.8.1  Residual Gas monitor (RGA)

Requirements forpressure measurementin instrumentation chambers, associated tube a
beam tube modules:

• sensitivity: measurement the pressure of the residual gas in the 4Km beam tubes: th
sitivity should be of the order of , 1-100 amu. This sensitivity of the system
intended be able to determine the contribution of gas bursts and other coherent re
gas fluctuations, leaks, etc.; to measure the composition of the residual gas.

• timing resolution on a single mass number . This is sufficient to stamp
time dependence of the pressure and bursts measurements.

• dynamic range:
• estimated data rate per RGA: 1x16 bit, 2048 sample rate on threshold crossing, 20Hz

ple rate for continuous monitoring below threshold.
• availability requirement: one RGA head and controller per building required to be op

tional and in recent calibration.
• calibration: calibrated leaks to be installed with each RGA head
• spares: one head and one controller per site

•• initial RGA heads installation: 9 in WA and 5 in LA (ports and power required) as
follows:

1. 7 isolatable volumes (4/LVEA in WA and 3/LVEA in LA) + 1 isolatable volume per
VEA x 6 VEAs (4+2) = 13 total RGA heads (8 in WA and 5 in LA)

2. one RGA head in the midpoint of one BTM at WA site

•• initial RGA controller installation: one/cart and one /building: 6 in WA and 4 in LA

•• CDS extensibility to allow one RGA head/Km of BT: additional 7 in WA and 8 in LA.

3.2.1.9 Vacuum Contamination Monitor (see 1.4.1.13). TBD See Appendix 1

As an initial step, we will research the utility of one means of monitoring the contamination:

1. procure a crystal deposition monitor
2. study and establish if the crystal monitor is adequate
3. study how many crystal monitors are necessary after the experience during the c

missioning of the IFO.
• availability requirement: Not required for operation.
• calibration: TBD
• spares: none

•• initial installation (estimate, if method is successful):

1. oneheadper isolatable vacuum volume (excluding the beam tube), or 8 in WA and 5
LA; the heads should be close to the RGA heads.

2. one set ofcontrol electronics and PC per building, or 5 in WA and 3 in LA; intermit-
tent data/control transfer to/from PC

10 14– torr

∆tres 10ms≤

109
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3.2.1.10 Weather monitor

We require a sensitivity and precision sufficient to correlate weather conditions with interfer
ter behavior, and to give warning of exceptional meteorological conditions.

Variations of the temperature, humidity and pressure may affect the alignment of LIGO co
nents, and may induce additional spurious noises due to expansion or contraction of the
tubes. Inside humidity measurements are useful in tracking problems in the electronics. Win
1.4.1.18) and precipitation are sources of local seismic noise. Pressure, temperature, humid
wind variations might indicate the possibility of an approaching thunderstorm.

NOTE: The thermometers, hygrometers, barometers and anemometer might be combine
weather station for the locations which require all those measurements. We are listing them
rately in order to indicate their physical required parameters.

3.2.1.10.1 Thermometers

• precision 1 deg C, resolution: 0.01 deg C. There is no direct path known from temper
to interferometer output. This resolution and precision is sufficient to track dimensi
changes with temperature.

• range: inside 0-50 deg. C; outside -20 to 70 deg. C
• estimated data rate: 1x16 bit sample rate 2Hz
• availability requirement: one thermometer per building must be operational
• calibration: accurate to 1 deg. C; periodic(~yearly) check with hand-held probe.
• spares:5 per site

•• initial implementation: 30 in WA and 15 in LA as follows:

1. one every 500m on one 2Km BTM: total 5 in WA.
2. inside buildings temperature: 5 in WA and 3 in LA
3. outside temperature on four building sides: 20 in WA and 12 in LA

•• CDS extensibility to allow: one/500m on BT: 11 in WA and 16 in LA

3.2.1.10.2 Humidity Detectors

• precision 10% RH, resolution 1% RH. There is no known path for temperature varia
to appear in the GW output; this precision/resolution is standard for sensors.

• range 10-100% relative humidity
• estimated data rate: 1x16 bit sample rate 2Hz
• availability requirement: one hygrometer per building must be operational
• calibration:10%, RH; periodic(~yearly) check with hand-held probe.
• spares:3 per site

•• initial implementation: 11 in WA and 4 in LA as follows:

1. one every 500m on one 2Km BTM: total 5 in WA.
2. inside building humidity: 5 in WA and 3 in LA
3. outside humidity: 1 in WA and 1 in LA

•• CDS extensibility to allow: one/500m (TBD) on BT: 11 in WA and 16 in LA
page 24 of 31



LIGO-T960127-02

arini,
cip-

noise
ear in

ne

of the
is no

r Cole
arac-
L 
I G

 O
 - 

 D
 R

 A
 F

 T

3.2.1.10.3 Precipitation

• precision 10%. Rainfall can increase the ambient seismic and acoustic noise (Lazz
calculation in progress). There is no known direct path (barring leaky ceilings) for pre
itation to appear in the GW output; this precision/resolution is standard for sensors.

• rate or accumulation
• estimated data rate: 1x16 bit sample rate 2Hz
• one per site: 1 in WA and 1 in LA
• availability requirement: Not required for operation.
• calibration:10%; periodic check with a watering can
• spares: none

3.2.1.10.4 Wind monitors

• wind speed precision: 1mph. Wind can increase the ambient seismic and acoustic
(see Parsons calculations 1.4.1.18). There is no known direct path for wind to app
the GW output; this precision/resolution is standard for sensors.

• wind direction precision: 5deg
• estimated data rate: 2x16 bit sample rate 2Hz
• one per building: 5 in WA and 3 in LA
• availability requirement: one anemometer per site must be operational.
• calibration:10%; periodic (~yearly) rotation of outside unit with spare to allow off-li

test.
• spares: one per site.

3.2.1.10.5 Barometers

• pressure precision/resolution: 1mm Hg. Barometric changes influence the flatness
foundation slab; this sensitivity is sufficient to resolve insignificant changes. There
known path for barometric variations to appear in the GW output.

• range: 650-850 mm Hg with max/min feature
• estimated data rate: 1x16 bit sample rate 2Hz
• one per site: 1 in WA and 1 in LA
• availability requirement: not required for operation.
• calibration: 1 mm Hg; comparison with local weather reports
• spares: none

3.2.1.10.6 Proposed Weather Sensor Configuration

A possible weather sensor configuration is presented in Table 2. Note that C-P ** stands fo
Parmer GL 99800-**, while the HX and TX are OMEGA sensors. Deatails on the sensors ch
teristics will be presented in PEM Preliminary Design Document.
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3.2.1.11 Dust Particle Detectors

•• Dust particle counters are required to monitor the air quality of the clean rooms. PE
will provide fixed and portable dust particle counters for the spaces listed bellow. The fol
ing quantities and locations are proposed:

• 1 per OSB optics lab (fixed cleanroom corner station) (1WA and 1 in LA)
• 1 per OSB Vacuum Equip. Preparation room (fixed, corner station) (1WA + 1LA)
• 2 per LVEA at corner station(2 in WA and 2 in LA)
• 1 per VEA mid and end stations (4 in WA and 2 in LA)
• 1 per Mid & End-Station optics lab (4 in WA and 2 in LA)
• 1 per portable cleanroom (3 corner+2 mid+2 end=7 in WA, 3+1=4 in LA)
• 1 per PSL/IOO (2WA + 1LA)
• availability requirement: The monitors on the PSL/IOO must be operational.
• calibration:intercomparison between units.
• spares: none (units can be used interchangeably)

•• The requirements are as follows:

• capable of measuring to class 1 (in a 10 minute time period, 0.3 micron particles).
• remote data collection

•• Initial installation: 21 in WA and 13 in LA

3.2.2. Performance Characteristics of the PEM Excitation System (TBD)

NOTE: All the excitation systems except the seismic PZT (3.2.2.1) are part of the PEM m
able cart and not permanently installed. Note also that NONE of the elements of the Ex
tion System are required in order for the interferometer to be considered operational.

Table 2: Proposed Weather Sensors Configuration

Model Location
Total

WA+LA
T Out T In

RH
Out

RH
In

Wind Press Rain

C-P 20 Corner
Bldg

    1+1 1+1  1+1  1+1  1+1  1+1  1+1  1+1

C-P 10 Mid,End
Bldg

    4+2   4+2   4+2  4+2

HX-93 WA BT     5+0  5+0  5+0

HX-92 Mid,End
Bldg

    4+2  4+2

TX-92 3/Bldg    15+9  15+9

Total Channels       : 20+12 10+3  1+1 10+3  5+3  1+1  1+1
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3.2.2.1 Seismic Excitation System

PEM will provide SEI with design details for attaching mechanical ‘shakers’ to the stack sup
beams; a limited number of ‘shakers’ will be procured and moved from chamber to chamb
needed. If the Detector includes an active SEI system, PEM will use those means as well to
the support point. The ‘shaker’ (or collection of shakers) has the following specifications:

• possibility of excitation along all axis; no requirement of uniform or mono-directio
excitation

• amplitude of motion 10x LIGO measured spectrum from 0.3 Hz to 100 Hz (integral a
1 micron rms, or pk-pk 2.5 microns).

• uniformity of response dB; the response need not be very uniform in frequenc
we will monitor the net motion with accelerometers.

• 15 WA, 15 LA
• harmonic distortion at maximum level: -30 dB
• calibration: none
• spares: none

In addition, PEM will acquire standard electromagetic ‘shakers’ for multipurpose use, to be
ciated with the Cart.

• standard small B&K specifications
• 3 WA, 3 LA

3.2.2.2 Acoustic Noise Generator

This consists of a conventional wide-bandwidth loudspeaker and also one or several po
localized sources of sound, like ‘tweeters’ and sound guns.

• dynamic range  bandwidth: 10Hz - 1kHz, TBD
• harmonic distortion at maximum level: -30 dB
• two per site for the PEM carts
• calibration: none
• spares: none

3.2.2.3 Magnetic Field Generator

The magnetic field generator should be able to produce fields and gradients in all direction
the location of the test masses and have sufficient strength to induce motions seen above th
in the suspensions.

• Dynamic range:
• frequency range, sinusoidal output: (  dB): 1 Hz - 1kHz
• Bursts duration: 10-300 s
• One per building or one per cart (TBD: possible need for one coil per tank if neede

obtain a specific field configuration of interest)
• calibration: PEM magnetometers
• spares: none

10±

10 5– p≥ f( ) 10 9– atm Hz⁄≥
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10±
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3.2.2.4 RF generator

• dynamic range 120 dB, minimum level V/m at 1 m
• bandwidth: 1.3GHz
• AM: DC - 1 kHz, 100% modulation depth
• two per site: portable unit or part of the PEM cart (TBD)
• calibration: periodic cycling to manufacturer
• spares: none

3.2.3. Interface Definitions

3.2.3.1 Interfaces to other LIGO detector subsystems

The PEM system is designed as an independent system so far as the data is concerned, att
different parts of the LIGO interferometer, or mounted near the LIGO detector. There are n
nal or optical interfaces with the interferometer subsystems, to avoid corruption of either.
accepts and provides monitor and control inputs, used in acquisition, and eventually in con
on-line veto of the acquisition data taking. For the initial stage of the LIGO detector, it is prop
to have no hardware vetoes.

3.2.3.1.1 Mechanical Interfaces

The mechanical interfaces are described in a separate document (the PEM ICD, to be asse
and are given some intermediate precision in the PEM PDD. The principles are as follows:

• All the PEM low-frequency Seismometers and Tiltmeters should be mounted on the grou
the LVEA at a point representative of the seismic excitation of the SEI stack support pie

• LVEA accelerometers should be mounted on the stack support columns, as close as po
to the bellows feedthrough.

• BT accelerometers should be mounted on the beam tube walls to sense the acceleration
BT and baffle surfaces.

• Microphones for tanks to be mounted as close as possible to the bellows feedthrough
• Microphones for PSL/IOO should be mounted on the PSL/IOO table
• Magnetometers should be mounted as close as possible to the LIGO test masses, outs

tanks
• The cosmic ray monitor should be within 20m of the tanks containing the test masses
• The crystal heads for the contamination monitor and the RGA heads are mounted insid

vacuum tanks on existing flanges, in the VEs. TBD

3.2.3.1.2 Electrical Interfaces

In general, the PEM signal interfaces are directly to the CDS DAQ system.

• Power line monitors are connected at a point representative of the power in the LVEA
• interfaces to the current-loop transformers are made at that point to a CDS A-D

3.2.3.1.3 Stay Clear Zones

None; some sensors will be placed on or near the output ports, but with minimal risk of inte
ence with other subsystems. PEM will locate its sensors as needed so as not to interfere wit
interferometer subsystems.

1µ
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3.2.3.2 Interfaces external to LIGO detector subsystems

3.2.3.2.1 Civil Construction

The Seismometers and Tiltmeters will need LVEA and VEA floor space with no strong l
sources of heat or vibration. A rough guess is 2 per unit. This is generous, but is design
isolate the system from local effects.

3.2.3.2.2 Beam Tube

The accelerometers, microphones, and temperature/humidity sensors will attach to the bea
using a glued-on bracket, applied after bakeout.

3.2.3.2.3 Vacuum Equipment

The RGAs and Contamination Monitors will attach to existing ports on the Vacuum Equipm

3.2.4. Reliability

See entries for each sensor for the best present estimate of the importance of the sensors o
ability.

4 TESTING

4.1. Philosophy

First articles of each element of the PEM will be tested to their specifications before delive
the sites.

In addition, each in-house built sensor and actuator will be tested to its specifications before
ery to the sites.

The PEM Carts will be assembled and given a system check before delivery to the sites.

5 DIAGNOSTICS AND CALIBRATION

5.1. Philosophy

The redundancy of the PEM system supplies a cross-check for most sensors to determine
are functioning correctly. For example, if one accelerometer on a TM chamber ceases to fu
correctly, its signal will be markedly different from the other 5 mounted on that TM. If in fact
aberrant signal is true, this troubleshooting effort will turn from the PEM to the afflicted inter
ometer element.

The excitation aspect of the PEM allows most equipment to be tested using other PEM e
ment, and in particular the excitation on the PEM Cart can be used to test most sensors. E
tions are the

• Thunderstorm monitor (if a commercial service is retained, it will come with its own calib

m
2
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tion and diagnostic information)
• Power Line monitor (propose sending to manufacturer for calibration during planned se

times)
• RGAs (an off-line test manifold is proposed with Vacuum Equipment; TBD)
• Contamination monitor (periodic replacement of the sensor head is proposed)
• hygrometers, barometers, anemometers, precipitation sensors, and wind-speed sensors

weather forecasting will give an adequate measure of the go/no-go performance of thes
sors).

• Dust particle sensors: we propose to send these cyclicly to the manufacturer for tests; a
side-by-side tests can be performed for basic functionality.

5.2. Calibration Philosophy

Some elements of the PEM are useful for their order-of-magnitude accuracy. Others will be
in regression studies or transfer-function measurements and should have a known calibratio
needs for calibration are indicated in the detailed discussion of the requirements (section
above) for each element.

6 INSTALLATION AND COMMISSIONING

6.1. PEM Cart

The PEM cart will be the first element of the PEM to be delivered and used at the sites. It is
contained by design, and will be used even in advance of the completion of the buildings. Th
get date for completion is mid-97 for two carts (to be delivered to WA and LA). It will have und
gone a system test at MIT/CIT, so will have effectively been commissioned before arrival a
site. Initial tests to determine performance will be undertaken, and then it will be used on a
needed basis by staff at the sites.

6.2. Other PEM elements

The installation and commissioning plan is in a rudimentary state. The philosophy of the ins
tion plan is to have the PEM sensors (and actuators via the Cart) in place early enough to
the installation and commissioning of the parts of the interferometer (and site in genera
which those measurements/excitation would be helpful. For example, the seismic excitatio
accelerometers will be in place to allow testing of the seismic isolation stacks as they are
structed, giving an early characterization of as-installed frequency and of the stack solid
resonances.

7 QUALITY ASSURANCE PROVISIONS (TBD).

Q
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APPENDIX 1 THE RESIDUAL GAS AND VACUUM
CONTAMINATION MONITORING (TBD)

Here we outline a possible combination of RGAs and Deposition monitors as a means to
mine the rate and nature of contaminants on the optics. Due to the lack of information o
nature of contamination, we cannot yet specify a system which is sure to be useful. The s
outlined below was included in the CostBook estimate and scope of the PEM, and may als
tain a useful start for a design of a contamination monitor.

A gas burst monitor may become part of the monitoring system once LIGO is operating. One
sibility is a low sensitivity blue or near ultraviolet interferometer or absorption spectrometer
samples the full 4km of each leg. This would require optical ports ~10 cm in diameter wit
unobstructed path in each 4km arm. The location of the beam in the clear aperture is uncri

•• Requirements for contamination monitors in instrumentation chambers and
associated tubes

• Capability to measure deposition of 1 monolayer/month on ambient temperature sur
• Capability to perform qualitative desorption analysis to separate water from o

adsorbed molecules
• Digital control and read interface to LIGO instrumentation system.

The vacuum contamination level is required to be such that the degradation of the interfero
components (the mirror surfaces) does not significantly impact the performance of the interf
eter. The allowed in-vacuum components and the level of contaminants is to be determin
exposure tests underway at the time of the PEM PDR. From this research may come inform
which can be used to design a contamination monitoring system.

• The system functions: optical contamination and outgassing
• The proposed sensitivity: less than a monolayer/month of hydrocarbons deposition.
• The analytic capability is provided by:

1. evaporation of absorbed layer vs. crystal oscillator sample collector temperature
2. measurement of the evaporated layer by an RGA

• one Crystal Head and one RGA per isolatable vacuum volume
• one RGA mounted on one BTM for test purposes
• one control unit for Crystal head per bldg
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	1.1. Purpose



	The purpose of this document is to describe the design requirements for the Physics Environment M...
	1.2. Scope

	This document describes the philosophy and roles of the PEM subsystem, the environment to be moni...
	1.3. Definitions and Acronyms

	• BS - Beam Splitter
	• BSC - Beam Splitter Chamber
	• BT - Beam Tube
	• BTM - Beam Tube Module (2 km Each)
	• CDS - Control and Data Systems
	• ETM - End Test Mass
	• FMCS - Facility Monitor and Control System
	• IFO - LIGO interferometer
	• ITM - Input Test Mass
	• LVEA - Laser Vacuum Equipment Area
	• PSL - PreStabilised Laser
	• PEM - Physics Environment Monitoring
	• RGA - Residual Gas Analyzer
	• RM - Recycling Mirror
	• SRD - LIGO Science Requirements Document
	• SEI - Seismic Isolation
	• SUS - Suspension Control
	• SYS - Detector Systems Engineering
	• TM - Test Mass
	• TBA/D - To Be Analyzed/Determined
	• VEA - Vacuum Equipment Area
	1.4. Applicable Documents
	1.4.1. LIGO Documents
	1.4.1.1 LIGO Science Requirements Document: LIGO-E950018-02-E
	1.4.1.2 Detector Subsystems Requirements Document: LIGO-T950112-04-D
	1.4.1.3 Vibration and Acoustic requirements for the LVEA and VEA of the LIGO Facilities. (revisio...
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	LIGO-T920003-A-D. See also: Magnet Size Considerations; Interference and Coil Power Dissipation: ...
	1.4.1.7 Frequency, Intensity and Oscillator Noise in the LIGO: LIGO T960019-00D
	1.4.1.8 ASC documents: Conceptual Design: T960134-00-D; DRD: T952007-03-I; See also Environmental...
	1.4.1.9 LIGO-Parsons DCCD vol 1 for Livingston: LIGO-C961574-00-O
	1.4.1.10 Derivation of CDS Rack Acoustic Noise Specifications: LIGO-T960083-A-E
	1.4.1.11 R. Weiss (Limits on RFI in LIGO; 3/8/89). See also T952009-00-E (PEM in LIGO)
	1.4.1.12 in T960029-00-H (PEM 1994): Cosmic Muons: M. Burka Memo 3/89; Rai Weiss Acoustic Pressur...
	1.4.1.13 Issues and Considerations on Beam Tube Bake LIGO-T960124-00; see also: Beam

	Tube Qualification Test, LIGO-T960125.
	1.4.1.14 Ambient Ground Vibration Measurement at Hanford: LIGO-C950572-02-01
	1.4.1.15 DAQ System DRR: LIGO-T960009-00-C
	1.4.1.16 PEM DRR Review Report E960126-A-D and Assignment of AI L960751-00-D
	1.4.1.17 A. Gillespie, Ph.D. Physics Thesis, Caltech, 1995; LIGO P950006-00-I
	1.4.1.18 Wind Noise: LIGO-C960589-00-O; C960122-00-O and also LIGO L950353-00-U
	1.4.2. Non-LIGO Documents
	1.4.2.1 D.C. Agnew: Strainmeters and Tiltmeters, Rev. of Geophys. Res., 24 (1986) 579; also


	F. Wyat, J. Berger: Investigation of Tilt measurements using Shallow Borehole Tiltmeters, ibid, 85
	(1980), 4351
	1.4.2.2 H. Volland: Atmospheric Electrodynamics, Vol.I and Ref., CRC Press, 1995
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	2 General description
	2.1. Specification Tree


	This document is part of an overall LIGO detector requirement specification tree. This particular...
	Figure 1: LIGO Specification Tree
	2.2. Product Perspective

	PEM is designed to measure disturbances in the physical environment which might affect the interf...
	A design goal of the PEM is to employ sensors with sufficient sensitivity to measure the fluctuat...
	The principal role of the PEM is to execute the functions listed in 2.3 related to improving dete...
	1. Monitoring the physical variables in the vacuum system that could influence the performance of...
	2. Monitoring the perturbations to the environment induced by the support equipment in the buildi...
	3. Measuring the transfer functions from environmental input to interferometer response.
	The PEM will monitor the vacuum system and the facilities with the sensitivity, bandwidth and tim...
	The PEM also serves as part of the initial diagnostics and characterization of the interferometer...
	The number and placement of the sensing and excitation systems is intended to be a minimum set wh...
	An important concept for the PEM system is a portable (moveable) PEM cart (see 3.1). The intent o...
	There is enough uncertainty in the actual needs and learning to be done that we choose to stage t...
	2.3. Product Functions

	The PEM system main functions are summarized as follows:
	1. To monitor and record the time and amplitude of disturbances in the physical environment of th...
	2. To set limits on or measure the correlation of disturbances in the environment and the data at...
	3. To provide data for the linear regression calculations of the cross correlated noises.
	4. To provide continuous environmental disturbance records for direct correlations between sites ...
	5. To aid future interferometer subsystem development by determining sensitivities to external di...
	6. To provide diagnostic information on the performance of the interferometers and the LIGO facil...
	7. To measure the transfer functions between the environmental perturbations and the detector
	8. To provide stimulation and calibration of the detector noise where environmentally driven.
	2.3.1. Modes of Operation

	The PEM subsystem elements can operate in several different modes; not all elements are capable o...
	2.3.1.1 Detection mode: Continuous acquisition of PEM sensor data.
	2.3.1.2 Threshold mode: Acquisition of one or more sensor outputs at an accelerated rate or with ...
	2.3.1.3 Diagnostic/Calibration mode. Some of those tests are performed periodically as part of a ...

	• enable measurements of the interferometer sensitivity to environmental input
	• support diagnosis of other subsystems
	• provide diagnostic capability to determine the performance of the PEM
	• enable implementation of calibration procedures within the PEM (e.g., determination of the sens...
	2.3.1.4 Stand-alone mode. The PEM cart can be used without any reference to the rest of the detec...
	2.4. Environment

	This section describes the environment which the PEM must sense and information on the interferom...
	The PEM sensitivity requirement will be to measure the environmental level at which the initial i...
	• If the environmental level at which the initial IFO is sensitive can not be readily established...
	• If the measurement of the expected environmental level is beyond the capability of the commerci...
	2.4.1. LIGO detector performance (see 1.4.1.1, 1.4.1.2)

	The required initial detector performance is:
	• x (100 Hz) = 2.0 x 10-19 m / Hz1/2
	• x (10 kHz) = 4.0 x 10-18 m / Hz1/2
	For reference, we give the ultimate detector performance as limited by the facilities:
	• x (100 Hz) = 2.0 x 10-21 m / Hz1/2
	• x (10 kHz) = 2.0 x 10-21 m / Hz1/2
	2.4.2. Seismic Noise

	Fig. 2 shows a straight-line approximation to the measured seismic noise at the two LIGO sites. S...
	• for
	• for
	• above 10 Hz
	Figure 2: Ground noise at LIGO site

	There is also angular motion, or tilts of the ground. A simple model is as follows: A straight-li...
	for
	for
	for
	for
	2.4.3. Acoustic Noise
	Figure 3: Sound Pressure Requirements (see 1.4.1.10)


	The required acoustic noise levels in the LVEA are given in 1.4.1.10 (see also 1.4.1.3). Fig. 3 s...
	Barometric pressure changes will change the force exerted by the Vacuum Equipment on the LVEA sla...
	2.4.4. Magnetic Field Fluctuations

	The sources of magnetic field fluctuations can be divided into external and internal to LIGO. Mea...
	In Fig. 4 • we present a set of natural magnetic field measurements. On the same plot are display...
	• Saipan during active thunderstorm period (see 1.4.2.3)
	• Malta during moderate period (see 1.4.2.3)
	• Malta over the fall (the most active season) (see 1.4.2.3)
	• Northern Sweden (see 1.4.2.2)
	• Kochi, Japan (see 1.4.2.2)
	• MIT Building 20 (LIGO lab) (see 1.4.1.5)
	• MIT Building 9 (see (1.4.1.5)
	Figure 4: Plot of B(f) field (in T/Hz1/2) vs. frequency (in Hz). See text.

	An important external source is thunderstorms as well as the resonance cavity formed by the earth...
	Local sources are due principally to electronic systems (such as currents in conductors and elect...
	A 60 Hz magnetic field ambient of 10mG (T) is typical for industrial environment close to the pow...
	The principal design problem for the magnetic sensor will be to obtain the dynamic range to measu...
	2.4.5. Radio Frequency Interference (see 1.4.1.4 and 1.4.1.11)

	The principal sources of radio frequency interference can be divided into external and internal t...
	Thunderstorms and high altitude magnetic perturbations generate RF noise (see also 2.4.4 for thun...
	Internal/Local sources will be from local human-generated RF sources such as hand held transmitte...
	Figure 5: RF noise for US latitudes

	There is a large local contribution which must be removed to sense the smaller but possibly more ...
	2.4.6. Cosmic Muons (see 1.4.1.12)

	The passage of cosmic muons through the LIGO test masses might induce pendulum motions as well as...
	• In order to be conservative, we will present here the displacement calculations for the advance...
	- displacement spectral density due to a single horizontal muon with kinetic energy above 200MeV:
	- the standard muon background produces (conservative, see 1.4.2.7 and ref):
	.
	- the expected rms displacement at 100Hz due to muon background is in 1 Hz bandwidth, which is ne...
	Table 1: Force spectral density for initial and advanced LIGO pendulum

	IFO
	Resonance
	Q
	(thermal)
	(muons)
	Initial
	M=10.7 Kg
	0.74 Hz (fundamental)
	1
	9421 Hz
	0.50
	29100 Hz
	390.
	29587 Hz
	1.224
	30792 Hz
	0.087
	Advanced
	M=30 Kg
	0.74 Hz (fundamental)
	1
	• Table 1 shows few values for the force spectral density due to thermal noise:
	where is the effective mass of the pendulum (see 1.4.2.4), and is the resonant angular frequency ...
	• The average force spectral density due to the cosmic muon background (upper limit), to
	induce pendulum motions of the test masses and the excitation of its internal modes, is
	where is the momentum deposited by a muon into the test mass, and is the horizontal muon flux thr...
	• The displacement due to a burst of muons generated by a high energy cosmic proton or a
	nucleus interacting with the earth’s atmosphere might be significant for very high energy primary...
	TBA: A simulation program will be written to study if a catastrophic loss of muon energy might af...
	2.4.7. Power Line Fluctuations (see 1.4.1.9)

	The instrumentation building power distribution system typical of that used for standards and res...
	- Nominal Voltages: 120V and 480V
	- Ranges: 2% for Uninterrupted Power; +4% and -8% for technical power
	- 5% maximum Total Harmonic Content (THC)
	- Frequency 60Hz; 1Hz fluctuation.
	- Transients shall not exceed +10% of the specified voltage for a duration not
	exceeding 200 microseconds.
	In order to reduce the incidence of power line transients and associated fluctuating magnetic fie...
	2.4.8. Residual Gas (vacuum) see 1.4.1.13

	Average Pressure: The average pressure in the Beam Tubes for the initial pumping strategy is requ...
	Gas Bursts: The initial sensitivity to bursts, Hz at 100Hz, is for the initial interferometer and...
	Leaks: The maximum air leak permitted per beam tube module end pumping (2200 liters/sec) is (1/10...
	2.4.9. Vacuum Contamination (see 1.4.1.13)

	TBD; no requirement has been established, pending contamination measurements and interpretation. ...
	2.4.10. Meteorological conditions

	Weather will influence the performance of the interferometers through acoustic, seismic, and elec...
	2.4.11. Clean Room Monitoring

	Dust particle counters are required to monitor the air quality of the clean rooms. PEM will provi...
	3 Requirements
	3.1. Introduction


	The PEM system derives its requirements from the ultimate LIGO detector performance (for the sens...
	The roles of the sensors for veto, diagnostics, and transfer functions will be defined later. Thi...
	3.1.1. The PEM Moveable Cart

	Some of the sensing equipment and sources of excitation are proposed to be part of dedicated PEM ...
	3.1.1.1 Sensing Equipment for the PEM Carts

	• 3 x 3 accelerometers
	• 2 acoustic microphones
	• magnetic field sensors
	• RFI sensors
	• RGA and contamination control electronics
	• temperature and humidity sensors
	3.1.1.2 Sources of Excitation for the PEM Carts

	• PZT and electromagnetic shaker excitation for the seismic noise above 10 Hz.
	• Portable PZT calibrator
	• acoustic noise generators
	• magnetic field generators
	• RFI generators
	3.1.1.3 Remote control of the PEM Carts

	• Remote commands to be interpreted by the PEM cart, TBD; telephone-line bandwidth modem link ant...
	3.1.1.4 Special Requirements for the PEM Carts

	• The PEM carts should be considered as the first PEM subsystem to be implemented at the sites. I...
	• The PEM cart can be placed anywhere on the LIGO site within one day to carry out a data collect...
	3.1.2. PEM Cart Stand-alone Operation

	For measurements made on the BT locations where CDS ports are not available, the PEM cart control...
	3.2. Characteristics

	The quantities of sensors given below are for the initial implementation of the PEM. When there a...
	3.2.1. Performance Characteristics of the PEM Sensing System
	3.2.1.1 Seismic Noise: Low Frequency Hz


	Due to the nature of the seismic noise, and with the proper requirements for other vibration gene...
	3.2.1.1.1 Low frequency 3 axis seismometer

	• sensitivity: for . This sensitivity is sufficient to verify the seismic environment as measured...
	• maximum noise level:
	• dynamic range 100 dB
	• frequency range 0.1 to 10 Hz
	• one per building: 5 in WA and 3 in LA
	• availability requirement: all LF seismometers required
	• spares: one per site
	• calibration: 10% accuracy; periodic cycling of in-service units to manufacturer, spare to service
	3.2.1.1.2 2 Axis tiltmeter

	• sensitivity: . This is a sufficient sensitivity to observe the expected effect on the interfero...
	• dynamic range 100 dB
	• bandwidth: 10 Hz
	• one per building: 5 in WA and 3 in LA
	• availability requirement: one in WA, 1 in LA
	• calibration: 10% accuracy; manual self-calibrating using built-in micrometer screw
	• spares: none
	3.2.1.2 Seismic Noise: High Frequency Hz

	The PEM will
	• monitor the motion of the TM tanks and sample other important points in the interferometer
	• monitor the beam tube mechanical excitation, initially on one BT module
	• monitor the ground motion near seismic support piers in order to obtain the transfer function f...
	3.2.1.2.1 High frequency 1 axis PZT accelerometer

	• sensitivity: , Hz. This allows the measured noise level at the sites to be verified.
	• dynamic range 100 dB
	• bandwidth: 200 Hz
	• 3 x 3 accelerometers/site for the PEM cart: 9 in WA and 9 in LA
	• number of accelerometers at different locations:
	1. WA 4Km IFO: 6x(4 TM)+3x(8 other chambers: BS, HAM, PSL) = 48
	2. WA 2Km IFO: (12 chambers) x 3 = 36
	3. LA 4Km IFO: (12 chambers) x 3 = 36
	4. WA: 3 accelerometers every 500m on one BTM: 15

	• TOTAL accelerometers at WA site: 9(cart)+48(4Km IFO)+36(2Km IFO)+15(BTM)=108
	• TOTAL accelerometers at LA site: 9(cart)+36(IFO)=45
	• availability requirement:oneaccelerometer per VE chamber plus PSL
	• calibration: 10% accuracy; test/calibrate with PEM shaker (or accelerometer calibrator) if cali...
	• spares: 5 at WA, 5 at LA
	3.2.1.3 Acoustic Noise (see 2.4.3)

	The acoustic noise is important in the vicinity of the optics; one per VE chamber is required. Pr...
	3.2.1.3.1 Microphones

	• sensitivity . This allows the ambient noise level requirement in the LVEA to be verified.
	• dynamic range 60 dB
	• bandwidth: 10Hz - 1kHz, TBD
	• one per tank, two near PSL/external IOO, two per cart per site: 22+2+2=26 in WA and 11+1+2=14 i...
	• availability requirement: one functioning microphone per 5m radius of intended implementation
	• calibration: 50% accuracy; periodic test with PEM loudspeaker to see similar response in all mi...
	• spares:5
	3.2.1.4 Magnetic Field (see 2.4.4)

	This disturbance source also has a short scale length and thus requires instrumentation close to ...
	3.2.1.4.1 3 Axis Magnetometer

	• sensitivity . This sensitivity is sufficient to determine if the environment will influence the...
	• dynamic range 100 dB, with 60,120 Hz filters
	• bandwidth: 1k
	• availability requirement: remote magnetometer required.
	• calibration:10%; periodic cycling of units to the manufacturer for calibration, and informal ca...
	• spares: none
	•• initial installation: total 8 in WA and 2 in LA as follows
	1. one per cart: 1 in WA and 1 in LA
	2. one for each chamber with a core optics (RM, BS, 2xITM and 2xETM): 6 in WA
	3. one remote magnetometer per site, outside the LVEA, to be placed such that the 60 Hz and multi...

	•• CDS extensibility to allow one/chamber with core optics in LA: additional 4 in LA
	3.2.1.4.2 Thunderstorm monitor

	A means to obtain information on lightning activity is proposed. To be useful, it must add value ...
	One possibility is to subscribe to the services of the ‘National Lightning Detection Network’, a ...
	• timing accuracy to ~10 microsec
	• position of cloud-to-ground strike to <1 km, continental US
	• intensity of strike, ~30% accuracy
	• real-time data delivered via satellite link
	• availability requirement: TBD
	• calibration: by others
	• spares: none
	3.2.1.4.3 High Sensitivity Custom Made Coil (not in initial PEM)

	• sensitivity at 1kHz. This possible increase in sensitivity will allow a measurement of the fiel...
	• Internal Noise at 1Hz
	• dynamic range 100 dB
	• bandwidth: 1kHz
	• built-in bucking coil for Hz compensating field
	• availability requirement: TBD
	• calibration: TBD
	• spares: TBD
	•• CDS extensibility to allow (as in 3.2.1.4.1): 8 in WA and 6 in LA
	3.2.1.5 Radio Frequency Interference (see 2.4.5)
	3.2.1.5.1 Multi-channel Antenna/Receiver

	• sensitivity . We do not have a model to indicate coupling from RFI to the GW output; this sensi...
	• dynamic range 120 dB
	• bandwidth: 1.3GHz
	• peak detection in 6 bands with msec timing
	• estimated data rate per receiver: 6x16 bit, 2048 Hz sample rate
	• one per site: 1 in WA and 1 in LA (moveable units)
	• availability requirement: both RFI receivers must be operational
	• calibration:10% in field strength; periodic cycling of units to manufacturer for calibration, w...
	• spares: none
	3.2.1.5.2 Narrowband RF receivers

	• one per RF modulation frequency
	• sensitivity . We do not have a model to indicate coupling from RFI at the modulation frequencie...
	• antenna placed in close proximity to the antisymmetric photodiode
	• data collected on TBD 1 db change in level
	• 2 in WA and 1 in LA
	• availability requirement: all Narrowband RF receivers must be operational
	• calibration: using PEM source; relative response only
	• spares: none
	3.2.1.6 Cosmic Muons (see 2.4.6)

	The position of the muon detector should in the corner building near the TM tanks. The detector s...
	3.2.1.6.1 Scintillator Detector

	• The sensitivity in terms of the flux of minimum ionizing muons of at least 100 MeV kinetic ener...
	• 1msec timing resolution or better
	• dynamic range: 60dB
	• estimated data rate per detector: 1x16 bit 2048 Hz sample rate
	• one in WA
	• availability requirement: TBD
	• calibration: TBD
	• spares: none
	3.2.1.7 Power Line Fluctuations (see 2.4.7)
	3.2.1.7.1 FMCS Current monitors

	The CC-installed current monitors will be integrated into the PEM system.
	• sensitivity: TBD; resolution: TBD
	• number: one for entire building, one for the chiller plant, one for utility buses
	• availability requirement: Entire Building signal required
	• calibration: 10%; no variation anticipated
	• spares: none
	3.2.1.7.2 Power Line Monitor

	• sensitivity: fractional fluctuations in voltage:
	long period :, for minutes;
	for 1sec to 1msec
	for less than 0.2 msec
	We do not have a model to indicate coupling from power line fluctuations to the GW output; this s...
	• harmonic content: less than 0.05 for line harmonics to 2kHz
	• dynamic range: 60dB
	• estimated maximum data rate per power line monitor: 4x16 bit, 2048 Hz sample rate, at threshold...
	• availability requirement: All power line monitors must be operational
	• calibration: periodic (~yearly) cycling to manufacturer of one unit at a time
	• spares: none
	•• initial installation: 2 technical power monitors at WA and 1 at LA to measure the power qualit...
	•• CDS extensibility to allow 1/building: additional 3 in WA and 2 in LA.
	3.2.1.8 Residual Gas (vacuum) see 1.4.1.13.
	3.2.1.8.1 Residual Gas monitor (RGA)

	Requirements for pressure measurement in instrumentation chambers, associated tube and beam tube ...
	• sensitivity: measurement the pressure of the residual gas in the 4Km beam tubes: the sensitivit...
	• timing resolution on a single mass number . This is sufficient to stamp the time dependence of ...
	• dynamic range:
	• estimated data rate per RGA: 1x16 bit, 2048 sample rate on threshold crossing, 20Hz sample rate...
	• availability requirement: one RGA head and controller per building required to be operational a...
	• calibration: calibrated leaks to be installed with each RGA head
	• spares: one head and one controller per site
	•• initial RGA heads installation: 9 in WA and 5 in LA (ports and power required) as follows:
	1. 7 isolatable volumes (4/LVEA in WA and 3/LVEA in LA) + 1 isolatable volume per VEA x 6 VEAs (4...
	2. one RGA head in the midpoint of one BTM at WA site

	•• initial RGA controller installation: one/cart and one /building: 6 in WA and 4 in LA
	•• CDS extensibility to allow one RGA head/Km of BT: additional 7 in WA and 8 in LA.
	3.2.1.9 Vacuum Contamination Monitor (see 1.4.1.13). TBD See Appendix 1

	As an initial step, we will research the utility of one means of monitoring the contamination:
	1. procure a crystal deposition monitor
	2. study and establish if the crystal monitor is adequate
	3. study how many crystal monitors are necessary after the experience during the commissioning of...

	• availability requirement: Not required for operation.
	• calibration: TBD
	• spares: none
	•• initial installation (estimate, if method is successful):
	1. one head per isolatable vacuum volume (excluding the beam tube), or 8 in WA and 5 in LA; the h...
	2. one set of control electronics and PC per building, or 5 in WA and 3 in LA; intermittent data/...
	3.2.1.10 Weather monitor

	We require a sensitivity and precision sufficient to correlate weather conditions with interferom...
	Variations of the temperature, humidity and pressure may affect the alignment of LIGO components,...
	NOTE: The thermometers, hygrometers, barometers and anemometer might be combined in a weather sta...
	3.2.1.10.1 Thermometers

	• precision 1 deg C, resolution: 0.01 deg C. There is no direct path known from temperature to in...
	• range: inside 0-50 deg. C; outside -20 to 70 deg. C
	• estimated data rate: 1x16 bit sample rate 2Hz
	• availability requirement: one thermometer per building must be operational
	• calibration: accurate to 1 deg. C; periodic(~yearly) check with hand-held probe.
	• spares:5 per site
	•• initial implementation: 30 in WA and 15 in LA as follows:
	1. one every 500m on one 2Km BTM: total 5 in WA.
	2. inside buildings temperature: 5 in WA and 3 in LA
	3. outside temperature on four building sides: 20 in WA and 12 in LA

	•• CDS extensibility to allow: one/500m on BT: 11 in WA and 16 in LA
	3.2.1.10.2 Humidity Detectors

	• precision 10% RH, resolution 1% RH. There is no known path for temperature variations to appear...
	• range 10-100% relative humidity
	• estimated data rate: 1x16 bit sample rate 2Hz
	• availability requirement: one hygrometer per building must be operational
	• calibration:10%, RH; periodic(~yearly) check with hand-held probe.
	• spares:3 per site
	•• initial implementation: 11 in WA and 4 in LA as follows:
	1. one every 500m on one 2Km BTM: total 5 in WA.
	2. inside building humidity: 5 in WA and 3 in LA
	3. outside humidity: 1 in WA and 1 in LA

	•• CDS extensibility to allow: one/500m (TBD) on BT: 11 in WA and 16 in LA
	3.2.1.10.3 Precipitation

	• precision 10%. Rainfall can increase the ambient seismic and acoustic noise (Lazzarini, calcula...
	• rate or accumulation
	• estimated data rate: 1x16 bit sample rate 2Hz
	• one per site: 1 in WA and 1 in LA
	• availability requirement: Not required for operation.
	• calibration:10%; periodic check with a watering can
	• spares: none
	3.2.1.10.4 Wind monitors

	• wind speed precision: 1mph. Wind can increase the ambient seismic and acoustic noise (see Parso...
	• wind direction precision: 5deg
	• estimated data rate: 2x16 bit sample rate 2Hz
	• one per building: 5 in WA and 3 in LA
	• availability requirement: one anemometer per site must be operational.
	• calibration:10%; periodic (~yearly) rotation of outside unit with spare to allow off-line test.
	• spares: one per site.
	3.2.1.10.5 Barometers

	• pressure precision/resolution: 1mm Hg. Barometric changes influence the flatness of the foundat...
	• range: 650-850 mm Hg with max/min feature
	• estimated data rate: 1x16 bit sample rate 2Hz
	• one per site: 1 in WA and 1 in LA
	• availability requirement: not required for operation.
	• calibration: 1 mm Hg; comparison with local weather reports
	• spares: none
	3.2.1.10.6 Proposed Weather Sensor Configuration

	A possible weather sensor configuration is presented in Table 2. Note that C-P ** stands for Cole...
	Table 2: Proposed Weather Sensors Configuration

	Model
	Location
	Total WA+LA
	T Out
	T In
	RH Out
	RH In
	Wind
	Press
	Rain
	C-P 20
	Corner Bldg
	1+1
	1+1
	1+1
	1+1
	1+1
	1+1
	1+1
	1+1
	C-P 10
	Mid,End Bldg
	4+2
	4+2
	4+2
	4+2
	HX-93
	WA BT
	5+0
	5+0
	5+0
	HX-92
	Mid,End Bldg
	4+2
	4+2
	TX-92
	3/Bldg
	15+9
	15+9
	Total
	Channels
	:
	20+12
	10+3
	1+1
	10+3
	5+3
	1+1
	1+1
	3.2.1.11 Dust Particle Detectors

	•• Dust particle counters are required to monitor the air quality of the clean rooms. PEM will pr...
	• 1 per OSB optics lab (fixed cleanroom corner station) (1WA and 1 in LA)
	• 1 per OSB Vacuum Equip. Preparation room (fixed, corner station) (1WA + 1LA)
	• 2 per LVEA at corner station(2 in WA and 2 in LA)
	• 1 per VEA mid and end stations (4 in WA and 2 in LA)
	• 1 per Mid & End-Station optics lab (4 in WA and 2 in LA)
	• 1 per portable cleanroom (3 corner+2 mid+2 end=7 in WA, 3+1=4 in LA)
	• 1 per PSL/IOO (2WA + 1LA)
	• availability requirement: The monitors on the PSL/IOO must be operational.
	• calibration:intercomparison between units.
	• spares: none (units can be used interchangeably)
	•• The requirements are as follows:
	• capable of measuring to class 1 (in a 10 minute time period, 0.3 micron particles).
	• remote data collection
	•• Initial installation: 21 in WA and 13 in LA
	3.2.2. Performance Characteristics of the PEM Excitation System (TBD)

	NOTE: All the excitation systems except the seismic PZT (3.2.2.1) are part of the PEM moveable ca...
	3.2.2.1 Seismic Excitation System

	PEM will provide SEI with design details for attaching mechanical ‘shakers’ to the stack support ...
	• possibility of excitation along all axis; no requirement of uniform or mono-directional excitation
	• amplitude of motion 10x LIGO measured spectrum from 0.3 Hz to 100 Hz (integral about 1 micron r...
	• uniformity of response dB; the response need not be very uniform in frequency, as we will monit...
	• 15 WA, 15 LA
	• harmonic distortion at maximum level: -30 dB
	• calibration: none
	• spares: none
	In addition, PEM will acquire standard electromagetic ‘shakers’ for multipurpose use, to be assoc...
	• standard small B&K specifications
	• 3 WA, 3 LA
	3.2.2.2 Acoustic Noise Generator

	This consists of a conventional wide-bandwidth loudspeaker and also one or several portable local...
	• dynamic range bandwidth: 10Hz - 1kHz, TBD
	• harmonic distortion at maximum level: -30 dB
	• two per site for the PEM carts
	• calibration: none
	• spares: none
	3.2.2.3 Magnetic Field Generator

	The magnetic field generator should be able to produce fields and gradients in all directions nea...
	• Dynamic range:
	• frequency range, sinusoidal output: ( dB): 1 Hz - 1kHz
	• Bursts duration: 10-300s
	• One per building or one per cart (TBD: possible need for one coil per tank if needed to obtain ...
	• calibration: PEM magnetometers
	• spares: none
	3.2.2.4 RF generator

	• dynamic range 120 dB, minimum level V/m at 1 m
	• bandwidth: 1.3GHz
	• AM: DC - 1 kHz, 100% modulation depth
	• two per site: portable unit or part of the PEM cart (TBD)
	• calibration: periodic cycling to manufacturer
	• spares: none
	3.2.3. Interface Definitions
	3.2.3.1 Interfaces to other LIGO detector subsystems


	The PEM system is designed as an independent system so far as the data is concerned, attached to ...
	3.2.3.1.1 Mechanical Interfaces

	The mechanical interfaces are described in a separate document (the PEM ICD, to be assembled) and...
	• All the PEM low-frequency Seismometers and Tiltmeters should be mounted on the ground of the LV...
	• LVEA accelerometers should be mounted on the stack support columns, as close as possible to the...
	• BT accelerometers should be mounted on the beam tube walls to sense the acceleration of the BT ...
	• Microphones for tanks to be mounted as close as possible to the bellows feedthrough
	• Microphones for PSL/IOO should be mounted on the PSL/IOO table
	• Magnetometers should be mounted as close as possible to the LIGO test masses, outside the tanks
	• The cosmic ray monitor should be within 20m of the tanks containing the test masses
	• The crystal heads for the contamination monitor and the RGA heads are mounted inside the vacuum...
	3.2.3.1.2 Electrical Interfaces

	In general, the PEM signal interfaces are directly to the CDS DAQ system.
	• Power line monitors are connected at a point representative of the power in the LVEA
	• interfaces to the current-loop transformers are made at that point to a CDS A-D
	3.2.3.1.3 Stay Clear Zones

	None; some sensors will be placed on or near the output ports, but with minimal risk of interfere...
	3.2.3.2 Interfaces external to LIGO detector subsystems
	3.2.3.2.1 Civil Construction

	The Seismometers and Tiltmeters will need LVEA and VEA floor space with no strong local sources o...
	3.2.3.2.2 Beam Tube

	The accelerometers, microphones, and temperature/humidity sensors will attach to the beam tube us...
	3.2.3.2.3 Vacuum Equipment

	The RGAs and Contamination Monitors will attach to existing ports on the Vacuum Equipment.
	3.2.4. Reliability

	See entries for each sensor for the best present estimate of the importance of the sensors on ava...
	4 Testing
	4.1. Philosophy


	First articles of each element of the PEM will be tested to their specifications before delivery ...
	In addition, each in-house built sensor and actuator will be tested to its specifications before ...
	The PEM Carts will be assembled and given a system check before delivery to the sites.
	5 Diagnostics and Calibration
	5.1. Philosophy


	The redundancy of the PEM system supplies a cross-check for most sensors to determine if they are...
	The excitation aspect of the PEM allows most equipment to be tested using other PEM equipment, an...
	• Thunderstorm monitor (if a commercial service is retained, it will come with its own calibratio...
	• Power Line monitor (propose sending to manufacturer for calibration during planned service times)
	• RGAs (an off-line test manifold is proposed with Vacuum Equipment; TBD)
	• Contamination monitor (periodic replacement of the sensor head is proposed)
	• hygrometers, barometers, anemometers, precipitation sensors, and wind-speed sensors (Local weat...
	• Dust particle sensors: we propose to send these cyclicly to the manufacturer for tests; also si...
	5.2. Calibration Philosophy

	Some elements of the PEM are useful for their order-of-magnitude accuracy. Others will be used in...
	6 Installation and Commissioning
	6.1. PEM Cart


	The PEM cart will be the first element of the PEM to be delivered and used at the sites. It is se...
	6.2. Other PEM elements

	The installation and commissioning plan is in a rudimentary state. The philosophy of the installa...
	7 Quality Assurance Provisions (TBD).
	Appendix 1 The REsIDUAL GAS and vacuum contamination monitoring (TBD)

	Here we outline a possible combination of RGAs and Deposition monitors as a means to determine th...
	A gas burst monitor may become part of the monitoring system once LIGO is operating. One possibil...
	•• Requirements for contamination monitors in instrumentation chambers and associated tubes
	• Capability to measure deposition of 1 monolayer/month on ambient temperature surface.
	• Capability to perform qualitative desorption analysis to separate water from other adsorbed mol...
	• Digital control and read interface to LIGO instrumentation system.
	The vacuum contamination level is required to be such that the degradation of the interferometer ...
	• The system functions: optical contamination and outgassing
	• The proposed sensitivity: less than a monolayer/month of hydrocarbons deposition.
	• The analytic capability is provided by:
	1. evaporation of absorbed layer vs. crystal oscillator sample collector temperature
	2. measurement of the evaporated layer by an RGA
	• one Crystal Head and one RGA per isolatable vacuum volume
	• one RGA mounted on one BTM for test purposes
	• one control unit for Crystal head per bldg
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