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INTR(
The LI

DDUCTION AND SUMMARY

GO specification places special operational constraints on the functioning of

a number of devices that make up the interferometer vacuum system. Consideration has

been givén to

the sensitivity,

International,

these devices as sources of noise, vibration, and shock and their effect on
and alignment of the interferometer. In conjunction with Process Systems

Inc. a plan was proposed1 to reduce the risks associated with these issues.

The plan included selecting the proper equipment, measuring the noise, vibration and

shock of the ¢
perforrnance \
LIGO specifig

Source
pump, a turbg

and vent comj

quipment, designing the first order mitigation treatments and analyzing
with the treatments in place to determine the degree of compliance with the
cation.

measurements were performed on a short cryo-pump, a turbomolecular
molecular backing pump, both the ion pumps and their controllers, a purge

pressor and several valves. The following are general observations

concerning these measurements:

1. The

resonances of

to a mounting

2. Naz
frequencies ¢
vibrations in
controller ang
vibration and

3. No
ion pump corn

vibration. Lq

vibration from the cryo-pump is broadband with peaks corresponding to
"the structure. Levels below 10 Hz were higher than expected, possibly due
 resonance.

row band spikes above 450 Hz due to rotor unbalance and power line
haracterize the turbomolecular pump. The pump's controller produces

the 50-450 Hz range. Although not part of the design, isolating the pump

| building an enclosure around the pump and controller will reduce both the
noise levels.

discernible vibration or noise was measured from the ion pumps. The small
itroller located in the vacuum equipment will be isolated to attenuate its

cating the large ion pump controller in the mechanical equipment room will

attenuate its noise and vibration.




4. The
that are 20-40
They will be
5. The

turbomolecular backing pump and the vent and purge system have levels
dB higher than the other equipment with significant low frequency energy.
ocated in the mechanical room on isolation pads.

» motor operated gate valves meet the shock specification, .01 g peak-to-

peak. The pneumatically operated gate valves' peak shock level is 1.9 g. The valves are
located a large distance from the chambers. Estimated level at the chamber is 0.02 g.
The 10" and 14" manual valves, located near the chambers, have peak levels of 10g and
0.3 g, respectively.

" The vibration and shock path analyses utilize three different models to predict the

receiver response over the entire frequency range. One is a low frequency finite element

beam and pl

low frequenc

the boundarie

peaks, a mid

where modal

and sound tr3

are general o

1. Trg

masses on th
occur in the |
excited by an
2. Di
gate valve bg
3. At

associated W

captured in t

>
7

e model. This model is extended large distances to capture the primarily

y influence of the boundaries. In the frequency range where the influence of
s is negligible, but the response of the structure still exhibits distinct modal
frequency finite element shell model is used. In the high frequency region,
overlap is strong, a statistical energy analysis is performed. Room acoustics
nsmission methods are used for the acoustic noise analyses. The following
bservations concerning the transmission paths:

insmission at the lower frequencies is governed by the mode shapes of
structural resonances. The body of the equipment and the manifolds behave as rigid

e flexibility of the supports and bellows. The lower natural frequencies
ateral direction where the supports are weakest. These resonances will be
ly ambient floor vibration as well as the source listed above.

splacements near the beam splitter are lower than those near a ham or large

cause of the beam splitter's mass and its stiffer support structure.

ove approximately 50 Hz, transverse shell and axial modes develop,

ith flexibility at changes in the diameter of the beam manifold. These are

he mid frequency model.




4. With increasing frequency, structural discontinuities (bellows, changes in
diameter, flanges, etc.) increase the transmission loss. Mass and distance are strong

factors in the computed transmission loss.

5. The
bellows.
6. The

within.

The mq

Vibration trea

transmission
interaction be:

three orthogor

calculated alo

assumed incol

concerning oy
1. Mo
2. Leyv
3. Lev
the hams, gats
4. Eac
chamber, and
extent.
5. Vib
significant mj
6. Int
of the light m

ham bellows.

ham bellows is less compliant and less effective than the beam manifold
sound transmission models were based on construction details as described

)dels and sources are combined using Norton's Equivalent Source Theorem.
tments, bellows, springs or isolation pads, separate the sources from the
aths. These are low impedance elements that reduce the complexity of the
sides providing attenuation. Each source is represented by a force vector in
1al directions. Similarly, the translational response at each receiver is

ng three orthoganal directions. The resulting nine response components are
herent and summed accordingly. The following are general observations

r results:

st receiver vibration response levels do not meet the LIGO specification.

els are lower when there is a bellows between the source and the receiver.
els at the stiffer, massive beam splitter are significantly lower than those at
> valves and beam manifold.

h cryopump has at least one bellows and several supports between it and a

only exceeds specifications at the chambers below 10 Hz, to any significant

ration response levels due to the turbomolecular pump/controller have

d frequency content.

he corner station mode cleaner tubes, the vibration levels are high because

ass of the 30" tube, the small mass and flexibility of the ham, and the stiffer




7. Aco
to meet the pr¢

intermittent op

istic levels from the vacuum pumps and auxiliary equipment are expected
ject noise criterion of NC-20 during operational conditions, except during

erations of the turbo pump carts and, in the case of the corner station,

during vent and purge compressor operations.

8. Stru

in detail. Isola

ctureborne flanking paths such as pipes, ducts etc. have not been analyzed

ition treatments have been designed for these paths and are expected to

attenuate any yibration.
II. LIGO SPECIFICATIONS
A.  Vibration
The LIGO vibration Speciﬁca’[ion2 for the spectral density of the allowable
displacement |5 on the walls of any vacuum chamber or on the floor within 1 meter of any

chamber is shq

tone having a

accelerometer

equipment vib

acceleration.

and expressin

B.

vacuum equip
equipment an
terms of octay

C.

than 0.01 g p

chamber.

bwn in Fig. 1a. This spectral density represents the allowable level ofa
bandwidth of 1 Hz at any frequency between 0.1 Hz and 10 kHz. Because
s are used more commonly than displacement sensors to measure

rations, it is useful to recast the specification of Fig. 1a in terms of

This is accomplished by multiplying by w 2 where w is radian ﬁequency,

g the result in p g /y/Hz as shown in Fig. 1b.

Noise

The specified acoustic noise limit from all simultaneously operating

ment in normal operation at any location within the LIGO vacuum

d laser areas is NC-20.2 This noise criterion, shown in Fig. 2, is defined in
/e band levels from 63 Hz to 8 kHz center frequencies.

Shock

Valve actuation or other intermittent device operations shall induce no more

eak-to-peak acceleration at any point within 1 meter of any vacuum
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APPR

OACH TO SPECIFICATION COMPLIANCE

Overall Plan

A comprehensive plan was put in place to identify all potential sources of
ise, vibration, and shock, from the vacuum equipment, to determine the
ipliance with specifications, to design and evaluate control measures

SI's proposal,1 and to test installed vacuum equipment in the LIGO facility.
was to achieve the lowest possible impact on the gravity wave

on. The plan consisted of the following four parts:

1. Evaluation of vacuum system equipment with respect to vendors' stated
se, and shock performance and the inherent equipment design features that
characteristics.

2. Testing of selected equipment to verify vendor claims and to supplement
7ith detailed measurements to cover the full range of the LIGO

. To accommadate the extremely low levels, low noise instrumentation and
juipment mountings were used to enhance the measurement capability.

3. Implemetation of vibration, noise, and shock mitigation requirements as
f. 1. Constraints imposed by the LIGO facility were incorporated into the
ign.

4. Analysis of the transmission of shock, vibration, and sound from the
rces to the vacuum chambers and to the laboratory floor. Comparison of
els (with first order treatments in place) with LIGO specifications. Regions
ance with specifications is not achievable have been identified for further
ssessment.

Sources of Equipment Vibration, Noise, and Shock

1. Mechanical Roughing Pumps

First stage roughing pumps are not subject to vibration

D.




with multi-staj

Turbomo lar Roughing Pu

Turbomolecular roughing pumps achieve their pumping capability

be vanes rotating at high speed (approx. 27,000 RPM). Pump shafts are

driven by brushless motors. Shaft beafing designs include ceramic ball and magnetic.

The pri
produces a Spg
the power line
magnetostricti
levitated beari|

lubricant) is gt

high voltage [
primarily asso

cooling fans aj

temperature uj
that boils at at

nitrogen invol
broad spectrus

and vibration.

and will be lo

3.

4.

ncipal vibration source of these pumps is the unbalance in the rotor. This
:ctrum with a line at the rotational speed and its harmonics. Vibrations at
frequency, typically around 1 kHz, and its harmonics result from

ve effects in the stator pole structure. Finally, with non-magnetically
ngs, broadband noise, (e.g., due to the interaction of the balls with the
enerated.

Ion Pumps

Ton pumps operate without moving parts. They are energized by
)C from an AC powered controller. Ion pump vibration and noise is
ciated with the high voltage power supply and controller, which incorporate
nd transformers.

Cryogenic 80K Pumps

These pumps consist of exposed surfaces refrigerated to a cryogenic

pon which gases are condensed. The proposed pumps use liquid nitrogen
mospheric pressure at a temperature of 80°K. The boiling action of liquid

ves cavitation (i.e., vapor bubble formation and collapse) which produces

m pressure pulses that act on vessel and liquid/air surfaces to produce noise

urgin d Ventin mpress

Non-reciprocating screw compressors are planned for this purpose

cated in adjacent Mechanical Equipment Rooms.




6. Gate Valves
Gate valves are subject to the shock specification which limits the
peak vibrational amplitude induced by their operation. Primary mechanisms of shock are

deceleration a1

LIGO locations.

¢
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densities corr¢
1b. Above 10
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-
b

A

1d seating. Both electric and pneumatic valve actuators are used at various
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Source Level Testing
. Test Cha s

The background acoustic and vibration levels at the test areas must
less than equipment levels being measured. A special acoustically treated
puilt at PSI to test the Turbomolecular pump, its backing pump and the ion
btype beamsplitter was built to test the short cryopump. The gate valves

. and the vent and purge system, exhibit higher levels of noise and vibration

d at the vendors' facilities.

2. Equipment Mounting
Equipment to be tested were supported compliantly for isolation
hamber, thus allowing the measurement of the quasi-free vibration levels

ar analyses.

3. Test Instrumentation - Sensors
a. Vibration - When equipment levels were below the measurement
reneral purpose accelerometers, high-sensitivity ultra low-noise

s were used. Two such sensors were available to span the full frequency

IGO specifications. The Wilcoxon Research model 731A accelerometer

m) was used from 0.1-300 Hz and model 916BTO-1 (7.5 V/g, 700 gm)

noise capability above 300 Hz. The equivalent acceleration spectral

sponding to the electronic noise floors of these sensors are shown in Fig.
Hz, the noise floor of model 731A is lower than the specified amplitude.
, the noise floor of the 916BTO-1 is below the specified amplitude.

7




Severa| other accelerometers were also employed. When testing the 80 K

cryogenic pump, a special PCB model 351B41 cryogenic accelerometer was used

(0.1 V/g, 32 gm). It's average noise floor is approximately 2 nu g /\/IE. In addition, a
more sensitive, non-cryogenic, Endevco chargé accelerometer was provided by LIGO.
It's average noise floor is approximately 0.3 u g /\/H—z. No malfunction due to
temperature was noticed. High source levels, or vibrations at difficult mounting

locations, were monitored with a general purpose PCB model 321A35 accelerometer (0.1

V/g, 20 gm).

electronic noi

high-order bai

and Kjaer mo

pressure level

vendor site us

and processeq

and processin

It's average noise floor is approximately 10p g /\/I—{;. As required,
se occurring outside the frequency bandwidth of interest was limited using
ndpass filters.
b. Noise - Operating equipment noise was measured using a Bruel
del 2236 Precision Sound Level Meter for assessing the overall sound
in the Laser and Vacuum areas of the LIGO facility.

c. Shock - Shock measurements were performed at the gate valve

ing small, lower sensitivity accelerometers.

4. Test Instrumentation-Data Analysis and Processing
a. Vibration - Vibration signals were acquired on a digital recorder
| to obtain frequency spectra in the form of spectral densities. Acquisition

g of these signals were performed using CAA's SIGNAL system.

b. Noise - Acoustic measurements were performed using a Bruel

and Kjaer type 2236 precision sound level meter. Noise levels in the octave bands

between 63 H

operation of
oriented alon
were recorde

amplitude wa

[z and 8 kHz were recorded. This meter has a noise floor satisfying NC-10.
c. Shock - Measurements of shock-induced vibration due to

he gate valves were performed by recording the output of accelerometers

o three orthogonal directions and mounted on the gate valve fixture. Signals
1 for the entire duration of the closing event, and the peak acceleration

s obtained.




backing pump
interferometer

the bellows fi¢

isolators in thg

Yibration Mitigation

1. Main Turbomolecular Pum
Each of the main turbomolecular pumps is separated from its
. The turbopump is placéd on its own cart and isolated from the
by a soft bellows. The turbopump/cart is anchored to the floor to prevent
bm compressing axially under the external pressure. High frequency

> form of rubber bushings and washers isolate the turbopump from the cart.

The backing pump, which is a much greater source of vibration than the

turbopump, is
The backing p

For the large i
Room. The sr
and rest on vit

flexibility.

of bubbles in t
simulate the ty
generation of
flow from the
down a chute
The bubbles g
higher frequer

2.

placed on its own cart and located in the Mechanical Equipment Room.
ump cart has its own vibration isolators.

Ion Pump Power Supplies

The sources of vibration with the ion pumps are the power supplies.
on pumps, the power supplies are located in the Mechanical Equipment

nall ion pumps power supplies are located in the Vacuum Equipment Room

pration isolators. The cable will incorporate "drip loops" to enhance

Cryogenic Pumps
The 80K pumps produce vibrations from the formation and collapse

he liquid nitrogen. An experiment was performed using air and water to

vo phase flow of the nitrogen entering the 80K pump. It showed that the
large bubbles via the inlet pipe can be reduced by bringing the stratified
inlet above the liquid reservoir. The incoming liquid now flows gently

into the reservoir while the gas escapes without bubbling through the liquid.
enerated from the boiling liquid in the reservoir are smaller and generate

icies. Interferometer vibration resulting from this action are reduced by the

introduction of low frequency isolators. Finally, in the supply and return lines, flex lines

are used to att

enuate vibrations.




Purging and Venting Compressors
The vent and purge system will be "skidded" and placed inside the

Mechanical Equipment Room. The skid is mounted on vibration isolators. The discharge

and suction si¢

The mid and e

skids, and the

rooms are locg

lines going frq
connectors.

E. |
]
reducing the v
mitigations m¢
pumps, vent a
Mechanical Eq
required to ad

these rooms fi

F.

.

le of the system in the corner station have mufflers or sound attenuators.
nd station's systems are not operated during interferometer operation.
Equipment Located in Adjacent Mechanical Equipment Room
The turbomolecular backing pumps, vent and purge compressor
ion pump controllers are located in Mechanical Equipment rooms. These
ited adjacent to the vacuum equipment area on separate floor slabs. All
m the mechanical room to the vacuum equipment area will have flex
Noise Mitigatio

Noise radiated by operating pumps and electronics are mitigated by
ibrations of the external structural surfaces of the equipment. These

»thods are described in the previous section. The turbomolecular backing
nd purge compressor skids, and the ion pump controllers are located in
quipment rooms. These units take advantage of the noise control provisions
=quately isolate auxiliary equipment (e.g., fans, chillers, pumps) located in

om the vacuum equipment areas.

Shock Mitigation

The gate valves are located in close proximity to the chambers. With the

exception of adding a short flexible bellows, blocking the shock path is not an option. In

this regard the
source. The v

facility floor.

refore the valve manufacture was required to reduce the shock at the

alves will be compliantly supported from below to isolate them from the

10




IV. SOURCE MEASUREMENTS

Source/ measurements were performed on a short cryopump, a turbomolecular

pump, a turbomolecular backing pump, both the ion pumps and their controllers, a purge
and vent compressor and several valves. The equipment used to measure source levels is
described in Section III.C.

There is contamination associated with the low level measurements. The

contamination is caused by: i) facility background levels; ii) amplification in the
frequency region around the mounting resonance, approximately 5 Hz; iii) sensor

sensitivity; and, iv) facility line noise, i.e., 60 Hz electrical noise. In describing the

measurements below, these contaminations will be noted.
A. Vibration Measurements
1. Cryogenic 80 K Short Pump

A schematic of the cryopump is shown in Figure 3a. The cryopump
was supported in the vertical direction by spring hangers connected to a support beam. A
beamsplitter was used as the vacuum jacket in which the support beam was attached. The
fundamental mount resonance of the cryopump was 5 Hz in the vertical direction, and
lower horizontally. A photograph of the cryopump outside the beamsplitter is shown in
Figure 3b.
The cryopump was filled with liquid nitrogen. During the measurements there was
no nitrogen flow but vapor was allowed to escape. This vapor was monitored to
boiling rate. The boiling rate was controlled by adjusting the heat load.

was varied between 2.8 CFM and 9.5 CFM. (4.1 CFM is approximately the

determine the
The flow rate
flow rate at the cryopump's frosted condition.)

Two accelerometers were installed on the support mount of the cryopump, the

PCB cryogeni

accelerometer

¢ accelerometer in the vertical direction and the LIGO Endevco

laterally. The PCB general purpose accelerometer was attached to the

11




support beam

to monitor the

Each s
2.1 seconds. |
(PSD) were ci
window. Ten
purpose 16,38

Plots o
in Figures 3c

compared to t

had boiled off.

vertically. Th
The first shell
coherence bet
point spectrut

Vibratj
response of th
narrow band 1
but no trend ¥
boiling rate w

highest rate.

and the seismic accelerometer was mounted at the base of the beam splitter
ground motion.

et of test data was recorded at 20,000 samples per second for a duration of
Using the analysis package SIGNAL, acceleration power spectral densities
reated with a 4,096 point spectrum (4.88 Hz resolution) and a Hanning
samples were averaged from the 2.1 seconds of data. For diagnostic

4 point spectra were also analyzed, to further resolve the spectra.

f cryopump accelerations at an operating condition of 4.1 CFM are shown
and 3d in the lateral and vertical directions, respectively. The levels are

he background measurements made three days later after all of the liquid

. Except at 60 Hz, there is a good SNR in the lateral direction, less so

le measurements below 10-20 Hz are affected by the mounting resonance.
resonance occurs at approximately 100 Hz. The transfer function and
ween the vertical and lateral accelerations are shown in Figure 3¢ (16,384
n). The levels are comparablé in the shell resonance region.

on measurements were recorded at various bubbling rates. The frequency
lese data is plotted in Figure 3f (frequency smoothing was applied to remove
fluctuations). The data show the stiffness and resonance regions of the shell,
vith boiling rate. In contrast, based on analysis6 a 3 dB per doubling of the

as expected, amounting to a 5 dB increase in level from the lowest to the

The low frequency acceleration of the shell, as predicted in Ref. 6 is also plotted in

Figure 3f. Th
bubble was p
applies. How
smaller than t

bubble deforr

le comparison is good. It is noted that in the analysis, the rise velocity of a
redicted on the assumption that the bubble is a rigid sphere and Stokes' law
rever, experiments indicate that Stokes' law applies only to bubbles that are
hose in the cryopump.7 For a single bubble of the size observed in boiling,

nations reduce its terminal velocity by an order of magnitude compared to

12




predictions ba
velocity incre

sSwarm.

sed on Stokes' law. But, it is also observed in Ref. 7 that the terminal

ses in the presence of other bubbles, and the cryopump produces a bubble

A possible source of data contamination are the ambient floor or ground vibrations |

being transmitted to the pump. Measured floor vibration levels are compared with the

levels on the pump in Figure 3g. The floor levels are lower except below 10 Hz, and

above the background. Accelerometer measurements on the warm side of the cryopump

support were inconclusive. The measured levels were below the electronic noise floor of

the accelerometer.

The ho

izontal levels shown in Figure 3¢ were taken to be the source levels. Those

measured in the vertical direction were not used because they were believed to be more

contaminated

photograph of
and vibrations
through the py
through the su

Two te
transmission |

resting on the

o

near the support resonance frequency.

2.

Turbomolecular Pump

A schematic of the test configuration is shown in Figure 4a and a
the pump is shown in Figure 4b. The turbopump has two sources of noise

, the pump and it's controller, and two transmission paths. One path is

imp's flange via a bellows into the beam manifold. The second path is
Ipport.
st configurations were used to measure the levels through the two

vaths. For the path through the pump's flange, the pump on its cart was

floor and the free vibration of the flange was measured. For the path

through the support, the cart was placed on 5 Hz mounts and the free vibration at the base

was measured
Because of m
vertical direct

‘accelerometel

was not used.

. Acceleration was measured in three orthogonal directions for each case.

ounting difficulties, the low frequency accelerometer was used only in the

ion on the top of the flange and at the base of the cart. The general purpose

s were used in the other two directions. The high frequency accelerometer

13




On the
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flange and the¢
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and the powet

lower level br

mount (appro

accelerometes

flange the vertical and lateral levels were comparable, and slightly higher
5 in the axial direction. On the base of the cart, the vertical vibrations
igures 4c and 4d show the vibration levels in the vertical direction on the

> cart respectively. Below 300 Hz the data were obtained from the low
elerometer, above 300 Hz with the general purpose accelerometer.

s ground vibration contamination below 20 Hz. Below 450 Hz, the

imarily due to the pump's controller. The peaks are higher in this region on

n the flange. The fundamental rotation frequency of the pump, at 450 Hz,

line frequency around 1 kHz and harmonics are evident on the plot. The
oadband noise is limited by the general purpose accelerometer sensitivity.
3. Large Ion Pump and Controller

The ion pump, photographed in Figure 5a, was tested on a soft

ximately 10-15 Hz). Both the low and high frequency sensitive

rs were used. No measurable vibration was expected, and as shown in

Figure 5b there was no difference in levels with the pump on or off. The ion pump will

not be consid
The la

considered an

ered as a source in our analyses.

rge ion pump controller is located in the mechanical room and is not

important source because of its location.

4. Small Ion Pump and Controller

The small ion pump vibration levels were not measured, but assumed

to be comparable to those of the large pump. The controller is located in the vacuum

equipment ar

ea and is considered an important source. Its vibration levels, measured on

soft (approximately 10-15 Hz) mounts, are shown in Figure 6. The controllers will be

placed on iso

lators to attenuate their vibration.

5. Turbomolecular Backing Pump
The backing pump was tested on isolators using the general purpose
accelerometers. The "worst direction” vibrations are shown in Figure 7. Levels are

14




relatively higl

and isolation |

vendor identi]
Unfortunately

vibration. Ne

1. However, its location, on a separate foundation in the mechanical room,
pads, will attenuate the levels transmitted to the vacuum equipment area.
6.  Vent and Purge System

The LIGO vent and purge system was not available for testing. The
fied a similar system, located near PSI, and tests were performed on site.
, this was a noisy mechanical equipment room with other sources of

vertheless, measurements on a concrete slab adjacent to the system are

shown in Figure 8. (The extraneous sources of vibration could not be turned off.) The

vent and purg

e system is located in the mechanical room of the corner station. In our

analysis, the measured levels were applied directly to the foundation.

B.

feet and a hei

are considere

acoustic chan

in Figure 9.

chamber. Mg
difference wi
because of sc

Figure 10b. ]

Noise Measuremen
In the following, the airborne sound levels were measured at a distance of 3
ght of 5 feet from the source.
1.  Cryogenic 80K Pumps

The cryogenic 80K pumps are located inside a vacuum chamber and
d structureborne, rather than noise, sources.
2. Turbomolecular Pumps
A resiliently mounted turbomolecular pump was tested in PSI's
ber. Measured noise levels with the equipment turned on and off are shown
[he peak within the 250 Hz octave band is due to the controller.
3. Large Ion Pump and Controller

The large, resiliently mounted, ion pump was tested in PSI's acoustic
tasured noise' levels are shown in Figure 10a. There is no measured
th the equipment on or off. The controller test was in the same chamber but,

heduling, performed during noisy working hours. The data are shown in

Below 125 Hz, there was background noise contamination.

15
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measured at t

4. mall Ion P and troller

The small ion pump was not tested. The small ion pump controller,
yunted, was tested in PSI's acoustic chamber. Levels are shown in Figure 11.
ifference in level with the controller on or off.
5. urbomolecular Backi

The backing pump is noisy and it was not necessary to test it in the

nber. The levels are shown in Figure 12.

6. Vent and Purge System
The LIGO vent and purge system was not available to test.
s were made on a unit of similar capacity in a noisy mechanical room.

own in Figure 13. Based on more recent manufacturer's overall noise data,
r levels are anticipated on the purchased unit.

Shock
1.

asurements

44 Inch Gate Valve with Motor Actuator
LIGO G44E valve shock levels during opening and closing were

he manufacturer's facility (GNB) by the consulting firm of Charles M. Salter

Associates, Imc.8 The valve was mounted and tested in accordance with the requirements -

of PSI specifi

cation #V049-2-005, Rev. 3. Vibration amplitudes were recorded in three

orthogonal directions and at two locations during the tests. All readings indicate

amplitudes of

actuator valv

F0.002 g or less. The maximum allowable shock is 0.01 g. The motor

es are not considered as sources.

2. 44 Inch Gate Valve wi neumati rator

GNB tested a pneumatic valve as described above. Peak levels

between 1 and 1.9g were measured.” Sample acceleration time histories are shown in

Figures 14. 1
GV6 and GV,

the next secti

[he pneumatic valves are located at the far end of the corner station (see
8 on Figure 16¢). The effects of the shock on the chambers is discussed in

Oon.
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3. 10 Inch and 14 anual Val
The Varian 10" and 14" manual valve shock levels were measured at
alves were rigidly mounted to a beam splitter. Peak shock levels of 10 g and

rasured on the 10" and 14" valves, respectively. Sample acceleration time
histories are shown in Figures 15a and 15b. The manual valves are located near the

1e effects of the shock on the chambers is discussed in the next section.

[SMISSION ANALYSIS

Vibration

The modeling of the transmission path between source and receiver is
nree frequency regions, low, mid and high. In the low frequency, or large
relength, region the vacuum equipment and connecting manifolds are

beam finite elements, the foundation slab is represented by plate elements

and lossy springs represent the soil. The model extends large distances and captures the

primarily low|
The tra

shell modes i1

frequency influence of the boundaries on the transmission.
insition from the low to mid-frequency region begins when circumferential

1 the tubing that comprises the major part of the interferometer vacuum

system structure, provides significant contributions to its response. In this region the

transmission |
assumes axisy
displacements
necessary to |
limited by the
although this
increases furt]
CAA's compu

energy analys

path is modeled with axisymmetric shell finite elements. The model

ymmetric tubes, but applied loads, boundary conditions and in turn,

5 may be asymmetric. To obtain practical computation times, it was

imit the extent of the structure 'considered. As a consequence, this model is
influence of the boundaries at which the model is artificially terminated,

becomes less important with increasing frequency. However, as frequency

her, the size of the required finite element model approaches the limit of

iter and (Nastran) finite element code.!! Above this frequency, statistical

es were performed. With this technique the structure is divided into
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"global" subs)

coupling loss

Low fi

corner station

ystems with the power flow between subsystems calculated based on
factors for "canonical" geometries.
equency models of the entire vacuum equipment area in the end, mid and

s of the Washington site were created. Selected sections of each station, as

shown in Figures 16 a,b,c, were modeled in the mid and high frequency regions. In these

figures, turbo

specified by L

The fo

results.

plotted in Fig
sectional proy
stiffness prop
manufacturer

The model at

molecular pump and cryopump sources along with receiver locations
.1GO'? are also indicated.

llowing sections describe the models of the structures, the sources, and our

1. Low Frequency Models

Nastran!! finite element beam representations of the equipment are
ures 17 a,b,c for the end, mid and corner stations respectively. Beam cross
verties were calculated for all equipment and their supports. The mass and
erties of the bellows are derived from data provided by the bellows

. Stiffeners, flanges and non-structural components are modeled as masses.

each station is terminated at the gate valve connecting it to the beam tube,

which is not modeled.

The ef;
0.01(Q=100)

fective loss factor for the manifold and chamber material is assumed to be

The partially welded/bolted construction of the supports creates more

damping through friction and air pumping. The effective support material loss factor is

assumed to b
The 3(
lossy spring.
corner statior
The N
Harmonic for

the turbo cart

e 0.04(Q=25).

)" concrete floor is modeled with plate elements and the soil as a distributed,
Soil properties were obtained from Ref. 13. A plot of the end, mid and

| foundation models is shown in Figure 17 d and e respectively.

astran complex, direct frequency, solution was used to perform the analysis.
ces from 1-100 Hz were applied at the turbo pump locations, the floor below

and at the cryopump in each of three perpendicular directions. Since shell-
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like vibration
neglected aba
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behave as a ri
detail and not

The in

conical shell
not be axisyrn
circumferenti
tubing, the m
flexibility. S¢
inflexible flar
We haj
axisymmetric
negligible. A
supports and
modules and

estimated stat

modes and local bending of the neckdown sections cannot be totally
ve 50 Hz, results computed at the upper frequencies are used primarily for
rposes. At the lower frequencies, the body of equipment and the manifolds
gid mass resting on the flexibility of the supports and bellows. Structural
wavelength was the dominant factor in determining the mesh size.
put listings of the three Nastran models can be found in Appendix A.
2. Mid Frequency Models

The mid-frequency models consist of Nastran'! axisymmetric
and trapezoidal solid elements. The applied loads and displacements need
imetric, as the formulation allows for a Fourier expansion about the
al coordinate. The conical shell element, used primarily to model the
pst common part of the structure, includes both membrane and bending
plid axisymmetric elements are used to model the relatively thick and
1ges.
ve assumed, in choosing to model the vacuum equipment as solely
, that the effects of many non-éxisymmetric attachments to the shell are
ttachments, such as the turbo pumps and ion pumps are ignored. The
slab are also omitted from the model. The beam splitters, horizontal access
gate valves, are replaced with cylindrical shells that have the same mass and

ic stiffness as the actual items. The bellows models consist of equivalent

cylindrical shells with membrane stiffnesses set to produce the equivalent axial stiffness

reported by th
and material {
equal to that ¢

The vi
frequency po

frequency ran

1e manufacturer; the bending stiffnesses are based on the actual thicknesses

properties, and the material density is assigned such that the total mass is

f the actual item.

bration sources, the turbo pumps and cryo pumps, are simulated by constant
int forces applied in three translational directions to the shell. As in the low

1ge, the Nastran direct frequency formulation was used for these
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calculations. In the case of the turbo pumps, the loads were applied to the shell at the

center point of the location of the ports. The cryo pump excitations were applied at the
points where the isolator/supports attach to the inner cryo-pump sleeve of the outer

housing. Only the outer portion of the cryo-pump housing is included in the model.

Calcula

tions were performed for driving frequencies between 40 Hz and 1 kHz.

The model was meshed such that there were 10 shell elements per infinite plate flexural

wavelength at
wavelength at
elements pers

Four pg¢
Right End Staf
to gate valve (
and receiver p
from the modg¢
calculated on t

The Rij
GV16; note th
modeled. On
consists of the

plots of the fo

420 Hz, 8 elements per wavelength at 660 Hz and 6.5 elements per

1 kHz. (The latter case slightly violates the general rule of thumb of 8
tructural wavelength.)

irtions of the vacuum tube interferometer structure were modeled. The

lion model consists of the tubing assemblies including beam splitter BSC9
5V20. Figure 18a is a sketch of the finite element model with the sources
pints indicated. It was not possible to obtain all of the listed receiver points
]; for example, the End Station receiver locations 1a, and 1b on the slab are
he A-7 tubing adjacent to the beam splitter.

oht Mid Station model consists of the assemblies from BSCS to gate valve
at the other side of BSCS is identical to the Right End Station already

the Corner Station, HAMS5 to HAMSG is analyzed. Lastly, the fourth model
vacuum tubing between BSC7 and BSC4 on the Corner Station. Computer

ur finite element models are shown in Figures 18b-e. Nastran inputs for

these models are listed in Appendix B.

analysis of str]
formulation (s
(subsection c)

beam splitter.

3. High Frequency Models

a. Introduction - In this section we describe our high frequency
uctureborne noise along the LIGO beam manifolds. Although the basic
ubsection b) has been implemented for all sections, the discussion below

focuses only on the application to an end section from the gate valve to the
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For the
high frequenc
frequencies at

such as the lei

flexural wave

where h is the
in.) plating at
they propagat
both a spread
Along two dij
levels decreas
receiver. Dis

expressed in 1

thin shell and plated box-like structures along this path the predominant
y wave motion tends to be flexural. By high frequency we mean

which the flexural wavelengths are small relative to the structural scales,
1gths and diameters of the tubular sections. For thin steel plating the
length is given by

do(m) = 2nlk, « 96. vV h(m)/f(Hz) )

plating thickness and fis frequency. To illustrate, with 6.35 x 103m (1/4
1 kHz., lf== 0.3m (12 in.). Structureborne noise levels will attenuate as

e from a noise source to a receiver. The overall attenuation is the result of

ing of the vibration energy and its dissipation, that is conversion to heat.

mensional plated structures the spreading is cylindrical with acceleration

ing as 7”2 where r is the distance (range) along the plating from source to

sipation associated with flexural wave propagation is conveniently

erms of a structural loss factor 7). Here the associated attenuation is of the

form exp(- k,rn /4) = exp(-nnr/2A,). Dissipation may also be associated with

parallel prop
the problem ¢

agation paths that do not measurably couple to the receiver. For example for

»f interest, the vibrational energy transmitted to the concrete slabs and in turn

the ground via the manifold tube supports is believed to fall into this category.

Statist
phenomena d
locations, e.g
technique is 1

the following

technique the

ical energy analysis (SEA) is an analytical formulation that captures the

escribed above and allows one to estimate absolute levels at receiver

, the beam splitter, in terms of the noise source strength (input power). The

riefly outlined below and applied to the various stations and excitations in

section.

b. Statistical Energy Analysis (SEA) Concepts - With this

structure to be analyzed is divided into subsystems each "large" in terms of
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the characteris

imposed

where IIJ': is p
power "lost" t
dissipated and

the subsystem

itic wavelengths. For each subsystem "

a steady state power balance is

i _ d c 2
]Ij—]Ij+E In;, )

ower input to the subsystem, ]Ij‘.i is the power it dissipates and II; i the
b neighboring subsystems. A fundamental SEA concept is that the above
"coupled" powers are proportional to the space-averaged stored energy of

, <E>. Speciﬁcally,14

d_ 3
II j w1, < EJ >
and 7
O = @, <E>-n,,<E>] “@
here ® = 27 fand 7 j and n j,k are defined as dissipation and coupling loss factors.
For structureborne noise
<W> = 0?<E>/M, ®)
where < sz > is the subsystem space-averaged squared acceleration and AJJ the

subsystem ma

ss. The analysis is executed by defining the appropriate subsystems, using

Eq. 4 to formulate a set of simultaneous equations in the unknown stored energies,

obtaining the
equations, ang

end section st

analyzed is sh

required loss factors,ls’ 16 defining the source strength(s), solving the
| using Eq. 5 to obtain the desired response. This is described below for the

ructure pictured in Fig. 19.

c. SEA Model of LIGO End Section Structure - The section being

own in Fig. 19. There are twelve subsystems in our SEA representation,
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A freely prop;
discontinuity

coupling, the

form
where Z ;=
of tube j, kf

sound speed ¢
circumferenc

wave amplitu

o
v

1 section Vof the tubular manifold. Power is coupled among them across
ontinuities of various types, viz., stiffening ribs modeled by their inertia,
cterized by their compliance, and section radius changes. Power may also
through the supports and lost to the floor slab. In addition it propagates
rdeled sections where it is "lost" to the beam splitter on one end and the

f the manifold on the other.

pmmon practice with this approach, we obtain the required coupling loss

sEons from the analytical solutions to highly idealized, so called "canonical",

coupling from one manifold section (i) to another (j) we take all such

e one-dimensional with a loss factor of the form

2 2 . . .
; j/M;<v; > where <v; > is the mean squared velocity of subsystem i.-

| curvature is ignored, thus limiting the validity of the analyses to

»ove the ring frequency (Q = w a/c = 1) of the smallest diameter, (1.1m),
jon, roughly 1.4 kHz.

hdel for computing subsystem coupling loss factors is sketched in Fig. 20a.
agating flexural wave is partially reflected and transmitted at the

between tube sections. Assuming a strong discontinuity and hence weak

incident energy is primarily reflected and the coupling loss factor takes the

©wn,; = ©*Re[Z;]/m, (6)

(1-)wph/ kf is the drive line flexural (semi-infinite) plating impedance
\/3.46 w/ch is the flexural wavenumber in plating of thickness h and

,m, = M, ,./ 2 a, the total mass of tube i per unit distance around the

e, and the transmission coefficient T is the ratio of the transmitted to incident

des.
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Ribs an
radius change
tube plating is
only. In this ¢

with

For co

d flanges are modeled by their lumped inertia. For coupling at a section
the rotational (inertial) impedance of the discontinuity relative to that of the
taken to be infinite and coupling across the junction is through translation

ase we obtain

v = 2/|2i-(1-1)Z| @)

Z=(-iom, + Z)(0mlk) @)

ling across a rib joining two tube sections of the same radius and plating

thickness, welfccount for transmission from both rotation and translation of the rib. Here

we obtain

with

and

where the supe

For cou

low frequency

waves propaga

®

2 2 2
=1, vt

T, =21+ Z/Z,)[?

T = 201+ Z/Z)[?

rscript r denotes a rotational impedance.
pling across a bellows in this high frequency regime it is assumed that the
spring-like isolation provided by the bellows is short-circuited by flexural

ting along the corrugated thin skin as if it were straightened. Here the
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discontinuity

where

with 0 = hj

Finally
from manifol
vibration leve

infinite compi

by

where A supt 1

the support is

To estimate t}

half-space an

-~

with

is the difference in the tube and bellows plating thicknesses. This yields17

= ot/k

1) (10)

Ny L

L (0-5/4+ 0.-3/4+ 0.3/4+ o.5/4) /(5 02+ 0.-1/2+ 0'1/2+ .50.-2)

/h,.

i

, in Fig. 20b we sketch our model for estimating the coupling loss factor
1 plating into the concrete floor slab via each support and the associated
Is of the slab away from the support. Representing each support as a semi-

ressional member, the coupling loss factor from section i to the slab is given

wni,slab = pCAsupt/wAli (11)

s the cross-sectional area of the support. The associated force transmitted to

| F /m)2<wi2>

supt

I2 = (p CAsup[
1e resulting surface vibration levels of the slab we model it as an elastic
d consider (only) the far-field Rayleigh wave contribution to the response17

(12)

b (DIF| = 02(K/G) (kp/21r)"?

a

k,r >> 1

K = (BZ/S) /1 _ a2/[2_ BZ_(I - u2)1/2 (1 _ 32)1/2_ .Y]
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and

where the she;

Rayleigh wav

Cp = 092 ¢,

speeds in cong

c, = 1.8x1
For all

metal structur

y = [1-.5(a®+B>)]/V(1-a?)(1-Pp?)

ar modulus of concrete G = 8.9 x 10°N/m?(1.3 x 10%psi), the
enumber £, = © /c, with the Rayleigh wave speed given by

, & = cp/c,and B = cp/c, risrange and the dilatational and shear
rete are taken to be ¢, = 3 x 10°m/sec (1.18x10%in/sec) and
03m/sec (7.6 x 10*in/sec), respectively.

of our numerical simulations, we let i, = 0.01, typical of fabricated

es. At any vibration source, the input power is taken to be that for a

compact radial force either directly driving the tube plating as if it were of infinite extent,

— 2
P, = |FPY,

infinite beam

room foundatj
gap between f

soil. The meg

o With ¥ = (4p ch/,,/y/3) Vo, if applied through a rib, driving an
. — — 18
with P, = |F|2Re[Ybeam] and RelY,, 1= kf(beam)/4m pA

beam °

4. Model of Floor Vibrations from Mechanical Room to Vacuum

Equipment Area

To analyze this "flanking" path it is assumed that the 8" mechanical
on is connected directly to the 30" vacuum equipment area foundation. The
oundations is ignored. Both are supported on lossy springs representing the

hanical room foundation is 32'x32' and the vacuum equipment foundation

is 38'x32'. The source, turbomolecular backing pump or vent and purge system, is located

in the mechan
the vacuum e

responses arg

S.

ical room 10' from the vacuum equipment area. The receiver is located in
juipment area 25' from the mechanical room. Only vertical excitations and
considered.

Source-Model Interaction
a. Cryopump - Norton's "equivalent source" theorem, (Figure 21) is
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used to convert measured source acceleration levels to model input forces. For the

cryopump, the support impedance is much less than that of the cryopump or the
cryopump 's vacuum jacket. In this case the force into the vacuum jacket is determined
by computing the reaction force of the support when the vibration source is applied to the
cryopump end. The resulting force to acceleration transfer function across a single

cryopump support is shown in Figure 22a. It is assumed that the applification due to the
mount resonat

There a

1ce is included in the source measurement (see Section IV-A.)

re ten such supports connecting the cryopump to its vacuum jacket, four
vertical, four lateral and two axial. Each support is excited in three directions. A total of
thirty forces are applied to the model. The forces are assumed to be incoherent and
responses are combined incoherently, i.e., the square root sum of the squares.

b. Turbomolecular Pump - The turbomolecular pump is connected
to the beam manifold through a bellows. The bellows, like the cryopump support, is
characterized py a low impedance. The force into the beam manifold is therefore
calculated as above and the transfer function is plotted in Figure 22b. Three forces are
applied to the|model, corresponding to the three principal directions.
For the vibration path through the pump's support, the impedance of the support is

much less than that of the massive foundation. Isolation pads under the support are

ignored becau
22c¢ compares

calculated driy

se they are likely short circuited by the required holddown loads. Figure

the measured drive point acceleration at the base of the suppport with the

ve point accelerance of the foundation. From Figure 21, the force into the

slab can be calculated from the product of the velocity and the measured drive point

impedance at
four incohere;

only on the lo

pump sits on |

the base of the support. Only the vertical direction is considered. There are
nt forces corresponding to the four support legs. This analysis is performed

w frequency model.

c. Turbomolecular Backing Pump - The turbomolecular backing

P0 Hz isolators. Using the impedance of the isolators and the inertial
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is lower than f
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he backing pump, the forces into the foundation are computed using the
rure 20.

d. Vent and Purge System - The effective source level of the vent
em was measured on the foundation. The force into the foundation was
multiplying the measured velocity by the foundation's calculated

Ithough the system will sit on 20 Hz isolators, they were (conservatively)
our model.

Results

Forces are applied to the models as discussed in Section A.3.
calculated along three directions and incoherently summed. Results for
ceiver pair are presented below as displacement power spectral densities.
ed against the LIGO vibration specification (lower dashed line) and the
er ground vibration measurement (upper dashed line) for quick comparison.
a. End Station - Results for various source-receiver pairs are
ires 23a thru 23k. The levels at BSC9 in response to the closer
r pump (Fig. 23a) are high in the mid frequency range. This is the result of
ance associated with the flexibility of the neckdown region of the beam
1 input levels from the turbo-pump controller, and lack of a bellows
purce and receiver. The levels are lower at the second turbo-pump location,
the bellows (Fig. 23b). The chamber response to the cryopump (Fig. 23¢) is
v frequencies owing to high source levels and the lateral resonance of the
tion at 8Hz.
1y, the levels in close proximity to sources are high (Fig. 23d-g). The high,
response at gate valve WGV20 (Figs. 23h-i) is due to a number of system
[owever, the modeling of the end valve did not include the stiffness of the
| its natural frequency may be underestimated. Its natural frequency, 2 Hz,

he 8 Hz natural frequency of gate valve WGV29.
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manifold are |
high in the mi
the cart will b

are plotted in

an extra turbo

manifold secti

various Source

are highest in

els on the floor near BSC9 in response to sources exciting the beam
ow (Fig. 23j). The levels transmitted through the pump's cart (Fig. 23k) are
d-frequency range because of the controller. Isolation pads located under
= short circuited as a result of the pump's hold down requirements.
b. Mid Station Results - Results for various source-receiver pairs
Figures 24a and 24b. The mid station is similar to the end station but with
pump port and cryopump. Consequently the levels are similar. The beam
on is shorter and stiffer, thus increasing some of the natural frequencies.

c. Corner Station Vertex/Mode Cleaner Results - Results for
-receiver pairs are plotted in Figures 25a and 25b. The chamber responses

this area. The ham support is very flexible resulting in low frequency

resonances and higher levels. In addition, the mode cleaner tubing is less massive with

fewer structur

al discontinuities and the ham bellows are stiffer than the others resulting in

higher mid and high frequency levels.

26a and 26b.

in the mid ang

plotted in Figt
regions only.
levels than fo
sources, level

are high (Figs

model of the ¢
source was an

and Ham9 to

d. Corner Station Diagonal Section - Results are plotted in Figures

These results are similar to those for the turbo-beam splitter with a bellows
| end stations.
e. Corner Station Right Beam Manifold Section - Results are
hres 27a thru 27g. This section was analyzed in the low and high frequency
Results at the beam splitter (Figs. 27a-c) are typical, but with slightly lower
r other splitters because of the larger distances from sources. Near the
s are high (Figs. 27d-¢). The end gate valve, GV8, the low frequency levels
. 271-g).

f. Corner Station Remote Locations - With our low frequency
sorner station, the response of a receiver on the side of a chamber opposite a
lalyzed. Results are plotted in Figures 28a thru 28f. The responses of Ham3
the turbo pump in the diagonal (Figs. 28b,d) are higher than expected. This
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liveliness" of the Hams and the proximity of the source.

g. Mechanical Room Sources - The predicted maximum floor
a chamber due to the turbomolecular backing pump and the vent and purge
)wn in Figﬁre 29a and 29b, respectively. The backing pump has a peak at
nt resonance, and at 60 Hz, its operating speed. The compressor on the
e system operates at 29 Hz. With both sources, the inclusion of the gap
dations in our model would reduce the predicted levels, somewhat.
Shock
The effect of the high shock levels caused by the opening and closing of the
r actuated gate valve was evaluated using existing vibration models.
power spectral densities (PSD) were created from the time histories shown
nd 15. The force into the model was calculated by considering the valve to
source attached to the bellows. This assumes that the valve moves as a rigid

beam tube, and the valve support has a negligible effect.

v]Lve is located in the corner station where we have only developed a low

el. The resulting PSD at BSC7 is shown in Figure 30a. The low frequency
tion at BSC 7 is 0.009 g. Assuming the peak levels are roughly twice the
0.02 g peak response is predicted at the beam splitter.

mate the mid and high frequency response, the input was applied to the

gate valve in the end station, GV19, shown in Figure 18a. The results are

shown in Figure 30b. Greater attenuation is expected in the corner station area.

The ef]

fects of the 10" and 14" manual valves are estimated at various locations

shown in Figures 30c-30e. These valves are hard mounted to the tubes and the measured

accelerations

distance from

are assumed to be the drive point values. The attenuation varies with the

the valves to the chambers.
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Noise
1. Overview
The purpose of the acoustical models is to predict the noise level at
or locations in fhe various Laser Vacuum Equipment Areas [LVEA] of the
5 generated during LIGO operational conditions by vacuum pumps and
pment provided by PSI. The project specified operational noise criterion
[C-20 applies. Receptor locations include specific locations on the vacuum
nents. Use was made of the July 1996 architectural and engineering
1 Parsons, as well as vacuum system layouts and details provided by PSI.
rcedure involves modelling the LVEA's acoustically to reflect the
1d the sound absorption properties of all surfaces and contents and
ne various transmission paths for airborne sound from equipment located in
upport Equipment Areas [VSEA] as well as from the equipment located
EA. Finally, combined noise levels are calculated at typical receptor ‘
d on the quantity and distances of the various sources.
>ments incorporated in the model include the following.

a. Noise Sources - Based primarily on measured sound pressure
20 micropascal in octave bands from 31.5 to 8 kHz center frequency the
malized to a 3 ft distance. Although the defined NC spectrum extends down
, current practice in noise control includes at least the 31.5 Hz octave band.
bvide a more complete description especially for larger sources such as

all of the calculations include the 31.5 Hz band. The NC curve is extended

to 31 Hz, at the same slope it has between 63 and 125 Hz, for information only.

b. Room Acoustics - All of the tall and sparsely furnished LVEA's

can be expected to produce highly diffuse reverberant sound fields beyond the direct field

of the sources

the Corner St

. An exception could be the relatively narrow south and east branches of

ation wherein the sound fields of distant sources will keep decreasing with
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distance at a1

nodest rate, however, to be conservative and avoid computational

complexity, this factor is not applied in the acoustic model. The sound level in the

reverberant fi

room surfaces

and other pote
partitions, ang

noise transmis

combinations
from the soury
sources, being
predicted nois

of the noise cI

include all vay
located within
operational n
possibility exi
be isolated frq
during repairs

and its noise ¢

eld is determined by the acoustical ceiling, the sound absorption of all other
including all equiprhent, as well as occupants.

¢. Noise Reduction of VSEA Envelopes - The partitions, doors,
ntial airborne sound transmission paths, e.g. ducts penetrating the
| seals around penetrations are combined to achieve a frequency dependent
ssion path to the associated LVEA.

d. Receptor Noise Level Predictions - The noise from
of sources under various conditions can be predicted, based on the distances
ces in the LVEA and from the VSEA as a combined sound source. The
y non-synchronous, i.e., uncorrelated, are combined on an energy basis. The
e levels are compared to the NC-20 spectrum. In certain cases exceedances
riterion are found, in particular due to the turbomolecular pump carts.
2. Vacuum System Noise - Equipment List
The potential airborne noise sources used in the acoustical models
cuum pumps and auxiliary equipment provided to LIGO by PSI that are
| the building envelopes of each Station and to which the project specified
oise criterion contour of NC-20 applies. In the Corner Stations, the
sts that LIGO may be in operation while vacuum sub systems, which can
ym the operational vacuum segments via the gate valves, are down, e.g.
. During such events the Vent and Purge Equipment may be in operation

putput is included at receiver locations at the operational segments. Vacuum

pumps used during initial pumpdown such as roughing pumps are exempt from the noise

criterion sincg

airborne noise.

> LIGO is then not operational. Cryopumps are not expected to produce any
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The following list identifies the vacuum equipment which potentially contributes
to noise during LIGO operations.
Table 1. List of noise producing vacuum equipment for different LIGO stations for
operational conditions.
CORNER STATION [WA, LA]
Equipment Location Quantity | Operation | Primary Noise Paths
Large Ion Pump LVEA 8 Constant Airborne noise from top of
Beam Tube location
Small Ion Pump LVEA 28 Constant Airborne from floor location
Controller
TMP Cart LVEA 2 Intermittent | Airborne from pump and
' controller
V&P Compressor LVEA 1 Intermittent | Airborne from 6 in. pipe into
Intake Air LVEA
Large Ion Pump VSEA 8 Constant Via VSEA envelope
Controller
TMP Backing VSEA 2 Intermittent | Via VSEA envelope
Pump
Vent & Purge VSEA 1 Intermittent | Via VSEA envelope
Compressor
MID STATION [WA]
Equipment Location | Quantity | Operation | Primary Noise Paths
Large Ion Pump LVEA 1 Constant Airborne noise from top of
Beam Tube
Small Ion Pump LVEA 5 Constant Airborne from floor
Controller location
TMP Cart LVEA 1 Intermittent | Airborne from pump and
controller
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Equipment Location | Quantity | Operation | Primary Noise Paths

TMP Backing VSEA 1 Intermittent | Via VSEA envelope

Pump

Large Ion Pymp VSEA 1 Constant Via VSEA envelope

Controller

END STATION [WA, LA]

Equipment Location | Quantity | Operation | Primary Noise Paths

Large Ion Pymp LVEA 1 Constant Airborne noise from top of
Beam Tube

Large Ion Pump VSEA 1 Constant Via VSEA envelope

Controller

Small Ion Pump LVEA 3 Constant Airborne from floor

Controller location

TMP Cart LVEA 1 Intermittent | Airborne from pump and
controller

TMP Backing VSEA 1 Intermittent | Via VSEA envelope

Pump

3. Acoustic Field Calculations

The sound level produced at a given receptor location, e.g. a

chamber, or a particular area of a beam manifold is the combination of all sources

operating under the selected condition. Sources located within the LVEA, such as TMP's,

produce sourld levels at the receptor affected only by distance, if close by, or acoustical

absorption ifimuch further away. Sources located in the adjacent VSEA are typically

noisier but their sound output is significantly attenuated by the envelope of the VSEA.

The calculated noise levels are based on the diffuse field equation for non-

directional sources in rooms. The sound pressure level, in dB re 20 micro Pascal, is
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where L is
source and req
octave band ¢
coefficients, a

the space havi

where S is the
absorption co
represents an
absorption apj
assigned a giv
component, tk

the second ter

1
Anr

L

P Lw + 10 log [(

2 )
he acoustic power level in dB re 10712 watts, r is the distance between
reiver in ft, R is the room constant. The calculations are repeated at each
enter frequency yielding reverberation times, average absorption

nd room constants. The latter is the total effective sound absorbing area in

ng n different materials, equal to
R - E Sn «,
n

area of an specific absorbing material, in sq ft, and o is the sound
efficient of that surface. The product S o has the units of Sabins and
equivalent area of perfect absorption. R includes the additional effect of air
plicable at higher frequencies and significant in large spaces. Persons are
ren number of Sabins. The critical distance at which the direct field

1e first term in the above equation, equals the reverberant field component,

m in the brackets, is given by

1

1R
4\ =

rcrit =

Sound sources in these spaces will generate highly diffuse reverberant sound fields

beyond the di
occurs at abot

Stations.

The re

rect fields of the sources. The calculated crossover, or critical, distance

it 11 ft in the smaller Mid and End Stations and at about 22 ft in the Corner

verberation time of the spaces in seconds is given by the simple equation,
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where V is th

The sqg

the equivalen

level at 3 ft.

(assumed to b

the measured
and the surfac
flanking path
approach is b
while the receg
Station the ef]
End Stations.
be about ten ¢
same Sources

receptor noisg

sparsely furni
cubic feet. D
the End Stati¢

Except
room surface:
USGypsum,"
about 60%. A

vacuum equif

T -0.05V/R

e space volume in cu ft and R is the room constant.
und power levels for the sources in the LVEA's are obtained by calculating
t sound power level for a point source having the measured sound pressure
I'he sound power due to sources in the VSEA's is obtained from the intensity
e uniform over the partition in the vicinity of the equipment) by combining
source levels at 3 ft. The radiated power is then the product of the intensity
e area of the partition. The transmission loss of the partition, including all
5, 1S subtracted to obtain the transmitted power into the LVEA. This simple
ased on the fact that on the source side the partition is in the direct field
ptor locations are all in the reverberant field of the partition. For the Corner
fective radiating area used is 1990 sq ft while it is 550 sq ft for the Mid and
As described above, the sound power radiated by the partition is found to
imes greater than the total reverberant sound power in the VSEA due to the
This justifies the use of the simplified model in providing conservative
> levels from these sources.
4. Room Acoustic Models

The Corner, Mid, and End Station LVEA's are large and tall and
shed. The Corner Station has a volume below the ceiling of about 1 million
ue to the geometric similarity of the End Station and the Mid Station (WA),
n is used as the acoustic model for both.
for an acoustical ceiling with a modest absorption rating the remaining
s are sound reflective. The planned acoustical ceiling product is
Clean Room Panel", Item #56090 whose absorption coefficient averages
\lthough, the sound absorption of all other room surfaces including all

yment, is quite small, averaging about 5%, the large surface areas involved
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this contributi

included.

The ca

Stations are f3

frequency ran

handbooks do

can be estimalf

uniformity of
being backed
bands typicall
floor slab and
about 3%, at 3

Corner Statiol

on to absorption is included. The absorption due to a few occupants is also

lculated average absorption coefficient and the reverberation times for the
irly independent of frequency in the range of 63 Hz to 4 kHz. In this

ge the absorption coefficients of common materials are available from

wn to 125 Hz based on standardized test procedures, €.g. ASTM C423, and
led quite reliably to 63 Hz based on published research reports. The

sound absorption down to low frequencies results from the ceiling panels
by deep air spaces and the 10 to 20% absorption values in the lower octave
y exhibited by the gypsum board wall panelling. In contrast, the concrete
the rigid metal vacuum components provide very small absorption values,
111 frequencies. The average reverberation time is about 2.2 seconds in the

1 and around 1.8 seconds in the End and Mid Stations, typical of industrial

environments
S. Sound Transmission Through VSEA Envelopes
The effective transmission loss [TL] includes flanking paths via
ductwork, pipe penetrations, and access doors. These various factors are considered in

the acoustic model, as applicable. Airborne sound transmission from VSEA's to the

adjoining LV]

With the exce

EA involve a variety of paths including:

« Common partitions

» Ductwork passing through space

« Personnel access doors

« Seal around piping and cables to vacuum equipment
» Flanking transmission via roof

ption of some minor recommended changes discussed in the Section 8
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"Comments on

Drawings", the partitions descriptions and dimensions are taken from

R.M. Parsons drawings.

transmission I¢

a. Sound Transmission Individual Envelope Components - The

»ss for each octave band even if the construction does not precisely

duplicate any

aboratory or field tested partition can be estimated based on prior

experience and a large quantity of published information on sound transmission through

various building materials. The partition descriptions are on Drawing WA-A428.

Sound transmission loss values for gypsum wall board (GWB) partitions are based

primarily on d

921, 1990 edit

ata contained in United States Gypsum Co. (Chicago, IL) Publication SA-
ion, and Publication CS-139/USG/10-84. The transmission loss data in

these publications extend down to 31 Hz, in some cases, well below the standard ASTM

E90 test frequs
claim conform
control of low

The lar
"break in" and
Examples of s
drawings, sucl

major factor s

from round to

in the path TL.

Since t]
and is directly
cooling water
structureborng
transmission Y

for the vacuur

ency lower limit of 100 Hz. Although these low frequency data do not

ance to the standard, they convey useful information for dealing with

frequency machinery noise.

ge round ducts can pickup sound in the VSEA through what is called

transmit it to the LVEA via air terminal devices, ie. diffusers and registers.

uch ducts running through the VSEA's are shown on the mechanical

1 as plan H212 and section H242. The leakage via these paths is not a

nce the ducts are round and hence stiff. An exception is the transition area

rectangular duct in the return duct for the Corner Station which is reflected

he vacuum equipment is attached to the building structure in various ways
or indirectly in contact with vacuum vessels and manifolds via air and
pipes, flexible bellows, electrical conduits, and instrumentation cables
 noise paths of undesirable dynamic energy are inevitable. The

ria these paths is controlled through the "first order" abatement techniques

n equipment, including vibration isolation elements, flexible pipe
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connectors, and damping materials. The joint between foundation slabs surrounding each
LVEA is useful in controlling flanking path transmission of both airborne and

structureborne noise.

The following transmission loss values have been used in the acoustic path model
between the VSEA's and the LVEA's. The combined transmission loss depends on the

effective surface area of each component.
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Table 2. Transmission Loss Estimates for VSEA Envelope Components.

Values in dB.

Octave Band Center Frequency, Hz

Envelope Component 31 63 125 | 250 | 500 1k 2k 4k | 8k
PARTITION: Mid & End- | 14 | 23 33 42 50 51 52 52 | 52
[cavity wall, Type 11}

PARTITION: Corner - 22 | 30 36 50 55 55 55 55 | 55
[cavity wall, Type 15]

INTERIOR DOOR: Mid & 12 | 18 20 28 27 29 32 34 | 35
End:- direct [gasketed]

INTERIOR DOOR: Corner: | 20 | 30 35 42 50 50 50 50 | 50
via Access Space

RETURN AIR DUCT: Mid | 36 | 36 33 31 30 31 31 28 | 32
& End - 16"|dia. duct and

floor register

RETURN AIR DUCT: Mid | 34 | 34 34 35 41 45 50 55 | 55
& End - 32"|dia. via intake

above acoustical ceiling

RETURN AIR DUCT: 31 | 30 28 43 50 50 50 50 | 50
Corner - 42" dia. via

partition to floor register

SUPPLY AIR DUCT: 46 | 39 31 25 28 27 28 34 | 40
Corner: via|diffusers |

FLANKING|VIA EXPOSED | 25 | 30 35 40 45 50 55 55 | 55
ROOF DECK: All

PENETRATION at Pipe 10 15 16 17 18 18 19 20 | 22
Bridge: Corner Station
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b. Estimated Transmission L.oss Through VSEA

Envelopes - Combining the transmission loss values tabulated
above for the Mid or End Station and Corner Station on the basis of the areas involved in
each component the following results were obtained. In the case of the Comner Station,
the assumed transmitting envelope below the acoustical ceiling includes 40 ft of the
southerly wall and the 40 ft of the westerly wall portion not overlapped by the Access
Area, other than the path via the door. In the Mid and End Stations the whole partition

below the acdustical ceiling is used.

Table 3. Transmission Loss For VSEA Envelopes. Values in dB.

Octave Band Center Frequency, Hz

STATION 31 63 | 125 | 250 | 500 | 1k 2k 4k | 8k
End or Mid [550 sq ft] 14 | 23 31 40 41 43 45 46 | 48
Corner [1990 sq ft] 22 | 30 32 40 44 45 45 44 | 45

6. Receptor Noise Levels

The vacuum equipment noise levels are calculated at the following
representative receptor locations taken from the LIGO list [12]. The octave band
spectrum of these levels compared to the NC-20 criterion is shown in the corresponding
figures. The receptors and the sources are identified in Figs. 16a-c. Unless otherwise
noted the receptor elevation is 2 m. The End Station results apply to comparable
locations in the Mid Station as well.
a. Corner Station Receptor ID 1a: 5 m sout

HAM-1 - Fig. 31a shows that without the two TMP Carts or the
Vent and Purge Compressor in operation the predicted noise level from the remaining

vacuum equipment is below the design criterion. However, with either of these systems
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in operation, ¢

specially the TMP Carts which are typically close to beam tubes and

vacuum champbers the design goal for airborne noise is not met.

Individ

and are both |

ual contributions by the Compressor and its Air Intake shown in Fig. 31b

ower than the TMP Cart noise at and above 250 Hz. Below 250 Hz, the

Compressor and the Air Intake noise contributions are predicted to be higher than the

TMP system.
actual equipm

believed to be

similar to tho

operations lez

There is some uncertainty about this equipment's source levels because the
lent was not available for measurements, however, the values used are

conservative..

b. Corner Station Receptor ID 1b: S m north of
HAM-7 - The calculated noise level results (Figs. 31c and d) are

se for Receptor 1b, with only the TMP Cart and Vent and Purge Compressor

iding to exceedances of the noise criterion. The noise level from the TMP

Backing Pump alone is shown in Fig. 31d and it is found not to contribute to the

exceedance.

levels at this

Vent and Pur

TMP Cart to
in all octave |

those locatiot

and Purge sy

of the noise ¢

¢. Corner Station Receptor ID 1e: BSC-7 - The calculated noise

location (Fig. 31e) also reflect the dominance by operations of the TMP and

ge systems as is found at the other locations in the Corner Station.

d. Corner Station Receptor ID 3d: TMP Nozzle of
Cryopump-2 - As shown in Fig. 31f, the close proximity of the

this location increases the noise levels at and above 250 Hz by about 10 dB
bands compared to the other Corner Station receptors discussed above. At

1s the TMP Carts are at least 3 m or further from the receptors.

e. End Station and Mid Station Receptor ID 1a and 1b : BSC-9

Nozzles - Results are shown in Fig. 32a. Since the smaller Vent

stem is not used during LIGO operation in the End Stations, the exceedance

riterion occurs only at and above 250 Hz and is due solely to noise from
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intermittent TN

AP Cart operations. The same noise levels are anticipated for both

Receptors la and 1b.

f. End Station Receptor ID 2a and Mid Station Receptor ID 2:
Manifold Section A-7 - Results are presented in Fig. 32b. For

this location the calculated noise levels during intermittent TMP Cart operation are about

7 dB higher th;
TMP Cart.

P |

equipment are
conditions exc
of the Corner §
modifications

recommended

several minor
Equipment Ar

recommendati

on the Mechat

gypsum wall t

8.

an for the other End Station Receptor due to the closer proximity of the

Conclusions

The calculated noise levels from the vacuum pumps and auxiliary
expected to meet the project noise criterion of NC-20 during operational
ept during intermittent operations of the turbo pump carts and, in the case
Stations, when the vent and purge compressor is in operation. Minor
and clarification of the construction details of the VSEA envelopes are

to help achieve the favorable results.

Comments on Drawings
The drawing package dated 12 July 1996 has been reviewed and

changes and additions affecting the isolation of Vacuum Support
ea from the Laser Vacuum Equipment Areas are recommended. If the
ons are not incorporated they may affect the predicted noise levels.
a. Corner Station VSEA Partition

(DWGS: WA-A-505, -161, -28) - Change Type 11/H1 partition
rical Equipment Room [MER] side to Type 15/H1 [2 layers of 5/8 in.

»oard].

43




required in the

preferable.

numbered on tl
A-426 shows a
jambs are indic

The gas
elastomers suc
Products suitat
Guard"], Pemk
Alternatively, 1
between the ch
used they shou
4301/PKL Seri
Preferred altert
such as Pemko
compression g
installed to res
thickness. All
ends of the drg

description or

and conduit pe

b. Mid and End Station Partitions
(DWGS: WA-A-201, -202, -428) - Type T3 insulation is not

VSEA partition; Type T2, with a thickness equal to that of the studs, is

¢c. Acess Doors to VSEA's
(DWGS: WA-A-201, -202, -426, -505) - The relevant doors are

ne drawings as 210C [Mid], 310C [End], and 106B [Corner]. Detail 11 on
basic drop seal for the bottom edge, however, no seals for the head and
ated.
kets for head, jambs, and threshold should incorporate permanently soft
h as neoprene, silicone rubber, or EPDM; PVC material is not acceptable.
e for these doors include self adhesive Stanley [Series 5050, "Double-
o [Series S-88], Zero [Series 188], or equivalent head and jamb gaskets.
ubular gaskets with carrier channels are acceptable but require a sealant
annels and the door frame. Drop seals are maintenance prone, however, if
Id be "heavy duty" type such as Zero 365 or 367 or Pemko 4301/RL or
es, or approved equal by Reese, National Guard Products, or Stanley.
native bottom gasket include [a] a saddle and a door mounted sweep gasket
313 or 317 or equivalent or [b] a low profile threshold with a tubular
asket such as Zero Model 564, or equivalent. All gaskets should be
ult in a compression of between 25 and 50 percent of the unloaded
gaskets should continuous. Drop seals should minimize clearances at the
p bar.

d. Seals Around Penetrations - There is no complete drawn
peneral note regarding the seals required around all structural, duct, pipe,

netrations of the VSEA/MER partitions. These seals must be continuous
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and include caulking on both sides of the partition. Various commercially available

backer materi

Seals o
between the V
LVEA's forv
553, Section (

permit easy o
Putty" by Inte
suggested.

closure where
corresponding
includes a pre
important tha
sufficiently d

als and permanently non-hardening sealants can be used for this purpose.

f this sort are also required around the pipes, cables, and other connections
racuum Support equipment components and the Vacuum equipment in the
vhich openings are being provided; see e.g. DWG A-251, Section D and A-
C. Due to possible changes in these connections the sealing system should
pening and resealing. Use of mastics, for example, FSP 1000 "Firestop

rnational Protective Coatings Corp., Ocean Township, NJ, or equivalent, is

e. Joints between Partitions and Roof Structure
(DWG: WA-A-422) - Details 9 and 10 show a satisfactory

partitions run parallel to the ribs of the metal roof deck. There is no

» detail for the perpendicular intersection with the ribs. The latter typically
formed elastomeric insert or fibrous fill stuffed in all openings. Itis

t all rib openings be sealed completely'and involve a filler material which is

ense to prevent excessive sound penetration.
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Fib. 3a - Cryopump Vibration Test
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3b - Photograph at Cryopump

Fig.

51




sToA9 punoxabyoeg yYiltm poredwo) sToa9T aoanos dumdokip - of *bTd

0001

UOT3O9ITA TRIUOZTIIOH

(zH) Aousnbal4

001

01

punoibyoegd
\/\W_ﬂm/

or1-

0l

0¢

0¢

(2H/, 67 'gp) uoness|so0y

52

or




UOT3O9ITE TeOT3IAOA
sToA9T punoabyoeg yiztm poaedwo) sToae] 90anog dumdokip - pg “btd

(zH) Aouanbai4

001 ol 3
[TTrT T T T 1 T L. _ OL-

— Ol

punoxbyoeg — oz

— 0¢€

201INn0S — o

09

53

(zH/561 ‘gp) uopels|@0Y



SUOTJ}eIqTIA TEJUOZTIOH Pue TEOTIISA UD9MILq uostIedwo) - dumdoli)d - ¢ *bTda

(zH) Aouanbai
0001 001 oL I

T [TTTr 11 T T [rror T [Trrr T 1 T lom..

- o~

— o¢-
. >
— O}~ o
] N
— 0 o
. w

— 0l

— oz

- 0¢

"
(zH) Aousanbai
0001 00l (1] l

! ! 1 _______ _______ 1 I IOO

M .‘ | .mw.o
, B ! | N H . O
” N 4, ' i Y _ ll..vo ml
AL * r, | | . 3
R T .« L o0 3
, il , H ¢}

ULkt e | — g0

0l




pPoyjoous eleq - SO3RY MOTJ SNOTIABA I0F o497 90anog dumdoli) - F£ *bTa

(zH) Aousanba.l4

0001 001 01 I

T T —--- L) ) _--- T ¥ —--- ¥ )

G + 304 Boj o + gg- =97

0

001

0°S1

0°0¢

<
e
N

0°0¢

(ZH/zﬁ 1'gp) uoieis|@ooy

55

0°¢¢



SUOTIRIqTIA XOOTJd UYITM paaedwo) STSAIT 20IN0S dumdoka) - bg °bTd
(zH) Aouanbai4
0001 001 ]

—--—- L} | —--- 4 1 3 —--- L]

suone.qiA J00|4

90$In0g

o

O
—

0¢C

0¢

(zH/ B7'gp) uonessjeIdy

56

lllllllllllllllllllllll'lllllllllll

0¥




Turbomolecular
Pump

;—Accelerometers

f

T— Flange

Col

ntroller

Accelerometers

Y
[

5 Hz Mount
(or Rigid)

4

S

Fig. 4a - Turbomolecular Pump Vibration Test
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4b - Photograph of Turbomolecular Pump

Fig.
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Fig. 5a - Photograph of Large Ion Pump
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Cambrigde Acotstical Associates, Inc.

VACUUM EQUIPMENT SOURCE LEVEL
Turbomolecular Pump + Controller @ 3 ft [Test 25SEPS6]

80 [ | 1

m EQUIPMENT "ON"
¢ EQUIPMENT "OFF"

N ANE

70

rrtii

LU

Lp, dB re 20 microPascal
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VACUUM EQUIPMENT SOURCE LEVEL
Large lon Pump @ 3 ft [Test 27SEPS6)
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Cambnigde Acoustical Associates, Inc.

VACUUM EQUIPMENT SOURCE LEVEL
l.arge fon Pump Controller @ 3ft [T%t OCT96]
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VACUUM EQUIPMENT SOURCE LEVEL
Small lon Pump Controller @ 3 ft [Test 27SEP96]
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Cambrigde Acoustical Associates, Inc.

. VACUUM EQUIPMENT SOURCE LEVEL
Turbomolecular Backing Pump @ 3 ft [Test 25SEP96]
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Cambrigde Acoustical Associates, Inc.

VACUU

M EQUIPMENT SOURCE LEVEL - Vent & Purge Compressor
Measured @ 3 ft [Test 4MAY96] and Adjusted Values Used in Model
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Mid and High frequency Model
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Fig. l6a

Sketch of Right End Station indicating the sources considered, receiver points and
portions of station modeled in middle and high frequency analyses.

Mid and High Frequency Model
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Fig. 16b

Sketch of Right Mid Station indicating the sources considered, receiver points and
portions of station modeled in middle and high frequency analyses. Note receiver points
2 and 3 are similar to End Station points 2a and 3b for sources on left side of BSCS.
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Figl. 17d - Plot of Foundation Model in End and Mid Station
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Fig. l7e - Plot of Foundation Model in Corner Station
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Fig. 20a - High Frequency Coupling of Flexural Waves Across Tube Junctions.
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Exponential decay of Rayleigh/

wave with depth
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Fig. 20b |~ High Frequency Representation of Concrete Slab as Elastic Half Space.
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CAMBRICGE ACDUSTICAL ASSCCIATES, iINC.

Fig. 21 - Source-Path Interaction
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INCILLUDING 1ST ORDER REMEDIATION

v, F,= YELOCITY AND FORCE AT INTERFACE

89




(zH) Aousnbai4
001 , 01

\ - .

|eseie

09-

0p-

0¢C-

0¢

0P

09

(B/q] ‘gp) uoyels|920Vy/82404

90

poddng dwndoAip ybnouyy uoijels|eooy/e0104 ~ BTz “bta

08




(zH) Aouanbai4
0001 001 01

—--- L ¥ —--- ] L —--- 1 ]

0¢Z-

0¢

oy

09

(6/a] ‘gp) uolels|e2y/82.04

91

-smojjeg duwind Jejnosjowodin] ybnoiy} uoiels|eddy/adiod - dzz “bra

08




9D 1. dund-oqam jo uonerado Aq .
pasned ¢)Sg Jani[ds weaq Jeau aqn} uo ‘e UOIBIO] I9AIII3I UoNe]S pud IYSNY Jeau endads juswoaoeydsip payipaly - o€z “OT4

(zH) Aouonboxg

00001 0001 001 01 I
| | . | | 00¢-

—

09¢-

92

0¢c-

L
—»

: m m n 1dads

130D paojueH

i
21 dgp qusuaa Teijzoads juswaoeidsTd

z /1B

ovi-




00001

g

‘84D 10J dund-0qin) Sury3noa ayy Jo uonerado £
pasned 6)Sd IonIds weaq Jeau aqny UO ‘] UONEBIO] JSAIIAI UONE)S pud STy Jeau enoads juswaoe|dsip .wSoEEM - qgz “bta |

(zH) Kouonboaag
001

00¢-

09¢-

0cc-

081-

ZH/w :9Xx gp A3jTIsuaq Tei3oads jusuwaoe1dsTd

/1

93

ov1-




00001 0001

(zH) Aouonbaxg

001

. ‘84D dund-0415 Jo uonerado £
pasned 6)S¢ 1oni[ds weaq Jeau aqn} UO ‘B] UOIILIO] JOAIOI uonels puy 43N Jeau expoads EoEoo%EmG ._uouoﬁoum_ - o€Z

01

W'\

ol

‘projueH

00¢-

0S¢

00¢-

21 gp KA3Tsusag Teajoods jusueoerTdsId

“BTa .

94

0sI-

z 2™




‘9D I, dwnd -oqim
Jo uonesado £q pasnes /-y U0 9], 1B ‘BZ UOIBIO] I9AISI3I UoNe)S pur SNy Jeau enoads justooe|dsip paipald - PEC “btd

(z4) Aousanboxg

00001 0001 001 01 I
! 1 m T _ 00€-

09¢-

95

0c¢c-

i
21 gp A3Tsuaq Texjoads juswedeldsTd

081-

z /128"

ovi-




00001

‘g0 uo duind-oqany urySnoa ay) Jo uoneiddo Aq pasned :
3d) uo duind-oqim SurySnox ay) Je ‘B¢ UOKHEOO] JOAIRI2I UONE)S PUH SR Jesu exoads juswade[dsip papIpald — €T ° bra

(zg) Aousnbaixdg

001

01

d

)

oadsg

Nrou

~._

X1GD WHOMQNN

00¢-

09¢-

0T¢-

081-

zH/w :9x1 gp KA3Tsuag Tex3zoads jusuwaoeTdstd

/1

96

ovi-




‘84D dwnd-0£10 a3 Jo uonerado Aq pasned
84D uo dund-ogin SurySnoa oy} je ‘eg UOILIO] J9A19931 UOHE)S puy WS Jedu enodads yuswaoeldsip paipary - F€T “BTA

(zg) Aouosnboxg

00001 0001 001 01 I
T I _ I l 00¢-
: : : m : )
- S RS S S U ST - B : T_.
: : n
: el
: -
: o
M Q
: O
:
M 09¢- 8
M 0
ol
w ®
: Q
...................................... i ‘IT
. H
o))
5
0cc- m
=]
0
s
+
e
jol)
w
P
) 081- .
g
~
s
N
[=1
~
ovl-




‘g4 dwnd-0£10 30 uoneiado
£qpasnes 61 AD dA[eA 9)ed 1edu ‘qg UONEOO] JOAIS01 UOHE}S PUH W31y Jeau enoads Juowaoeldsip payipald ~ UeT “bTa

(zH) Kouonbaig

00001 0001 001 ol ~
00¢-
w]
s
4]
e
=t
A
Q
]
5
09¢- 5
47 ]
o)
[
Q
qlT
H
o1}
[
02z~ §
j=
R
e
11
Vi
Q,
o]
A
08I-
g
~
a v}
N
=
g
N
ovi-

99




‘gdD dund-0415 Jo uoneiado sy Aq pasned .
84D dwnd-0£19 Jo 908JINS P[Od Y} 1B ‘qT UOLIBIO] JOAIIDAI uonels pug WSy Jesu enoads yuswooedsip pansvapy - bee ° bta

(zg) Kouonbsig

98

00001 ~ 0001 001 01 |
| | | | _ ] | ] 00¢-

o
e

]

e

I

[+']

Q

]

5

0§¢- o

1-

2]

g

]

.................. — 3

q

(2]

2]

- = =

“2adg 00¢- m

]

e

-] o

.................. ~ b

ojuel &

H

0s1- 2

=)

~

)

N
C m

. ~
m 001~




‘
i

00001 . 0001

| ‘340 dund-0£10 uo dwnd-oqim utydno1 ayj Jo uornjesado
\.E pasned G AD SAJEA 9Je3 IBau ‘g UONEOO] JOAIII Uolel§ puy WSy Jesu enoads juswaoe|dsIp pajIpald - TET ° btd -

(zg) AKAousnbaxg
001

01

| T

l¢ | e— — — e e— — —

00¢-

09¢-

0¢¢-

081-

/IzH/m :9x dp qusueq Tex3zoads jusuweodeldsTda

4

100

—.

ovI-




‘90 ], dwind-0qin) Jo uoneiado Aq pasned

5Sq Iontds weaq 1eau JOO[J SY) UO ‘e[ UOHEIO] J9AI001 UONRIS PUd IYSNY 1eau exdads juswode|dsip pajolpaid - fcz 814

(zy) Aouanbaig

00001 0001 001

B T T e LU UG U UG PG

T T 1 1 ‘_______

I9UI0) pPI

pJueH

00¢-

09¢-

0¢¢-

081-

21 gp K3tsuoaqg Texjoads jusweoerdsIq

101

ovi-

7/ 7B/™




‘9D L, Heo duind-0qim Jo uonesado Aq pasned
60S€ Jon1ds weaq 1eau J00[ Y} UO ‘B] UOHBIO[ J9AI9IAI UOHe)S pud WSy Ieau enoads juowaseldsip paipald - q€T BLd

(zH) Adouanbaig

00001 0001 001 01 I
I B B B I A R I O R T T T T T T 00¢-

- < : OWNI

0¢C-

21 gp LX3Tsuag TeI3zoads juswedeldsTta

081-

I9UI0D Uhomﬁmmw

z/17BM™

ovi-

102




-940 dwnd-0£15 uo dwnd-oqim Surydnoi oy Jo uonesddo £q pasned

[dsip pewipald - eyz “BTd

¢OSH 1en1ds weaq Jesu aqny oy} UO ‘2] UONEIO] J9AISII uonels pPIA W3R Jedu e1oads Juswidoe
zg Aouonboxg
00001 0001 001 0l I
_ I r ! R _ 00¢-
EEIN T O S S ..«.. | o
: { e
N 0
w e
[
o
®
3
09C- 3
H < o+
0
ol
0
.................................................................................................................. - Q
5
Loz
0z §
5
—_— 7
d T-
........................................................................ g
rh oadsg @.
VR ;
= 1| X, 081- &
Eren VIVAC O GO D o
]
Mu W mw _J.o wA | [oJuelq W
" cJs9 N
— 0v1-




-940 dund-0£10 jo uoperado Aq pasned
¢OSg 1onds weaq Jesu 3qn) 3Y) UO B UONEIO] JOA13931 UOTIE)S PIA WSTY Jeau enoads juswoaoeldsip paIpald - dve “bTd

(zH) ZKouonbaxd

00001 0001 001 01 0
il . _ . 00¢-

P i : : g
.

n

o)

e

o

Q

0

09z- 2

o)

q

n

o

®

2]

q

In]

=

0

o

-

7

e

<

Q

w

081~

8

S

=

N

-
. ~

ovi-

104




(' TINVH Teau
‘ez UONBOO] 10J 1By} JO SFBWI JOLIIW ST IIAI999I-92In0S 0N "(1od “ut ) V§-¢ uo dwnd-0qin su3 Jo uonerado
Aq pasnes QT JeaU 9qN} 9Y) UO ‘e UONEIO] JOAI200I UONL)S JOWI0D) Jesu enoads juowaoe[dsip payIpald - ©se -~ bra

(zH) Aousunboag

00001 0001 001 ol ﬂ
‘R RN 7T 06¢-

0S¢

01¢-

0LT-

TOJueH

/IzH/m :ox dp qusuaq Tex3oads jusueoeTdsTd
105

4

0tl-




| (TNVH
‘qz UOIIEd0] 10 18y} JO dFeW JOLIW S I9A19091-991n0S 3ON) “(uiod ‘u1 0) V$-g uo dwnd-0qin) 3y Jo uonerado .
wn pasned GINVH Jedu 2qn} 9y} U0 I uonedo] IDAI2091 UONjE]S JOUI0D) Jedu e1oads juswaoe[dsip paIpald - dSC “OTA

(zH) Aouonboig
00001 0001 001 01 I

m i W _ M m W | 00€-

™

_——
Y <
7
{_

0cc-

081-

15

/IZH/m tox ¢gp K#;suaq Tex3zoads juswederdsTtd

4

ovI-

106




(LOSE PUe yOSE U9am13q) L-¢ uo dwind 0qIn} 5Y1 Jo

uonerado £q pasned £ DS 1eou 2qn] Y} ‘9] UOHEOIO] I9AII] UOHE]S JOUI0]) Jeau e1oads juowade(dsip pajoIpald - ©9Z “bTa

(zH) AKAousnboxg

001 0l [
[ | | | 1 00¢-

00001

09¢-

107

0cc-

081-

/IzH/m :ox gp K3tsusq Teaioads jusuadeldstd

u.,r-
E

(-
{
A

0 TN ¢ i LOSq quwhonv pIojuen

ovi-




{(LOSH PUe $DSd Usamiaq) L-g uo dund oqimy ay; Jo
uonexado Aq pasnes S 18aU 9GN3 Sy ‘P UOHEIO] 9A1031 UOHEIS 19107 Tesu enjoads Juswade|dsip paIpald- 99z ~bTd

(zg) Aouonbaxdg

00001 0001 001 ol .
I

jancd e

00¢-

09¢-

108

0¢¢-

081-

zH/w :21 gp K3Tsuag [erloads juawsoeTdsTd

...HOAWHOWU pIojJueH

-

)

)

=
E

T e
@

7

o

/1

opI-




70 dund ogim jo

uonesado £q pesned /DS Jeau 9qny dY) ‘9 UOHEOO] 1A UOHEIS 15u107) Teau enoads juswade|dsip papIpald — ®BLZ ° bra

(zH) Kousnbeig

00001 0001 001 01 1
_ AR HERE m | 00¢-

09C-

109

0¢¢-

o1 gp K3Tsueqg Teiloads juswedeldsTd

081-

w
¢ /128!

ovl-




‘zdp dund-0415 103 dwind oqny Suygnoi ay) 3o
uoneiado £q pasned £DSE 183U 3qn] 3yl ‘9] UOIIEIO] J9AI9031 UOHIE)S JOUI0)) Jeau enoads juowaoedsip pajoipald - dLZ “bBTa

(zH) Aouonbaxg

00001 0001 001 0l I
_ T _ T | T T T T T ] 00¢-

09¢-

0¢cc-

081-

D UHMOMﬂMm

/IzH/m :ox gp K3tsusag Texaloads juswederdstd

d

ovi-

110




‘74D duind-0£10 Jo
uoneiodo £q pasned [DS 83U 9GN3 9Y) ‘9 UONROO] ISAIIIII UONEIS JOUI0] Jedl enoads juswaoefdsip padIpald - 2L “bTd

(zH) XKousnbaxg

00001 0001 001 01 I
m | | | ARREEN 0%~

09¢-

0¢c-

081-

9 I9UJI0) pIoOoFuerH

ZH/w 89X gp AjTsuaQ 1ex3oads juswedeldsTd

o~
P
R 2
m
a/1

ovl-

111




-z J0 dund-0£1o u,om dund ogin) Surygnoi ay) Jo uonesado |
Aq pasnes Suisnoy Zg) duind-0£10 uo ‘pg UONELIO] JOAISIAI UOKE]S IoUI0] Tedu enoads juswooe[dsip paIpald - PLZ “bTa

(zH) Aousnboxg

00001 0001 001 01 I
I _ ] ] _ 1 ! T 00¢-
L o
Bk I Tt Rt Bead iy N ﬂ
ol
[l
[+}}
Q
g
09z~ 5
q
wn
ol
]
.................. — m. ~
5 A
0z ¥
=
— ] n
T-
q
(1 &
oodg Q
w
IOFUCH| (o m
5
~
fas]
N
-
~
N

ovi-




00001

740 dund-0£15 Jo uonerado
Aq pesned 3uisnoy 7dD dwind-0£15 UO ‘PE UONEIO] ISAIDIAT UONIE]S JAUIOT) Jeau enoads juswaoe(dsip pajoIpaid — 9LE

(zH) XKousnbaxg
0001 001

I

00¢-

ey

1)

8-,001 13 ¥004

[

081-

MWAMNchou pIojuen

/_[ZH/UI :ox gp K3tsusg Tealoads juswsderdstd

*bta

113

4

0cI-




‘7d0 dund-0415 10§ dwind oqin) Surydnor ay)
Jo uonerado Aq pasnes GAD 9AJeA 91ES JE ‘O¢ UOIIBOO] JOAIS0II UOKE]S 19UI0)) Jeau e1oads yuswdoeldsip paoIpald - ILZ “bra

(zH) Aouonbaxg

00001 0001 001 0l I
| 1 ! 1 ! 1 _ ] 00¢-
SR N U N N - M - : o o
: 1 : N ™D
1]
o)
[uer}
V]
Q
1]
g
09z- §
4
0n
Yo
)
................................. p— o
1-
al
o]
I
0z 9
=]
(7]
e
4
L4
o]}
w
a)
- L 081- ©
I5uUI0) pIOFUEH

/2

R S

27

ovi-

114



7dD dund-0410
Jo uonesado £q pasneds 9AD dA[eA 93e3 Je D¢ UONEOO[ JIAIIAI UOTEIS IUIO] Teal exoads juswade[dsip paoipaid - brz *bTa

(zg) Kouonboaag

SIXV-X
00001 0001 001 01 I
P 5
i
0
g
T.L
o]
o
g
0g- 8
ﬂ+
N H S
L o)
SR R SN S ®
T Q
 Tosas :
< 2
061- Wv o
JE N N
e
r+
e
&
. - Lml.\\u_,, /V 0SI- 0
i ASuSa \ . K g
~
)
N
omd
~

d

ol1-

115




"(LOSE pue 7dD usamiaq) s-gg uo dund oginy

oy Jo uonerado Aq pasneo GIAVH 189U ‘97 UOHEIO] JIAIDIAI UOHE]S ISUI0]) Jeau enoads juowooedsip paroipald — es8z ~bTa

0001

(zH) Aouanbexg
001

T

— o ——— —— —__

| 00¢-

09¢-

0¢c-

081-

zH/u :21 gp K3jTsuag Teixoods jusueoeTdsTd

116

ovi-




"(LOSE Pue $DS¢ usomiaq) /-g uo dwnd ogqiny
Yy jo ,:ocﬁomo Aq pasned GNVH JIeau ‘9g uoedo] I9A19021 UOIRIS Jouo)) Jeau exoads juowadedsip pajorpaig — 98¢ - bta

(zH) Aousnbaxg

00001 0001 001 01 I
| _ T T 1 T T 7T ] 00¢-

09¢-

117

0c¢-

]
21 gp X3jTsuaqg TeaIzoads juswooetdsTd

081-

JouxoD pioJueH

2/ B/

ori-




((LOSE pue 74D usamiaq) g-gg uo duind oqiny
oy jo uonerado Aq pasned LINVH Zeau ‘pg uoneooj 19A19921 UONBIS JOUIO)) J8au v1)oads JuawadeldsIp pojoIpary - 28 “HTa -

(zg) KXouonboxg

00001 000T 001 01 I
_ | TTTT AR T T ] 00¢-

N P 09z-

118

07¢-

081-

Hwnwow pIojueH

?/IZH/m :9x gp AjTsus@ Texlzooads juswederdstdq

P
3
!
H

ovI-




((LOSd pue $DSd usomiaq) L-g uo dwnd oginy
ay) Jo uonerado £q pasned LJNVH Jeau ‘pg Uoled0] JOAIIII UOHRIS IOUI0)) Jedu e130ads juswooe[dsip paipald - P8z “bta

(zH) Kousnboxg

00001 0001 001 01 I
! ! ! P ! ] ! 1 00¢-
Il : ! : : : : H : : o
et
0]
Le]
[}
[o)]
Q
]
09Z- &
=]
q
[45]
Lo
................. 0
Q
o
oo
02" o
[
=]
n
—L-
4
.A
o)
o
- 081- &
=|
I0JueH =
..... i . N
b
~
N
ovl-




-zd0 dwmnd-o£10 10 dwnd 0qiny Suiy3nox .
oy uonjesado £q pasned LNVH 1edu ‘pg UONES0] 19A1331 uonelg Joulo)) Jeau exads juswaoeldsip pajoipald — °8¢ "PTd

(zH) Aouonbaxg

00001 0001 001 01 !
| T T _ | _ m 00€-

09¢-

/ 0zz-

081-

zH/w :9x gp A3Tsuaq Tealoods juswedeldsta
120

hwwuov pIoJueH

/1

D . ov1-



"7dD dwund
-0£10 Jo uoneiado £q pasned LAV 189U ‘pg UOIRIO] JOAISIAI UOTIRIS JSUI0)) Iedu v1joads juswooe|dsip pajoipald - I8z “btd

(zu) Aouosnboxg
00001 0001 001 01 |
_ _ _ ] i ] | | 00¢-

09¢-

0¢¢-

081-

w#nov piojueH

Z/_[zH/m :ax gp KA3tsuaq Tex3zoads quauwaoeTdsId

ovi-

121



“wooy [esrueyodjq ui dwnd Suryoeq Je[nod[ow0qin} 0) np asuodsal Joojy Bale WNNIBA PAJRWNSH - 86T “S1d

(zH) Aouanbaiy

001

T

I9UI0) pIOFUBH

00¢-

09¢-

0cc-

081-

91 gp K3jrsuaq Ieiqoads JuawaoetdsTg

122

ovI-

2/1°8/™



W00y [eolueyodpy Ul waisAs agind pue Juaa 03 anp asuodsar J00[J BIIE WNNOBA PAjRWNSH - 67 81

(zH) Aduanbazyg

001

P

[

I

I9UI0) PIOFJUCH

00¢-

09¢-

0Z¢-

081-

21 gp XA3tsuaqg Tealoads juswederdstq

123

ovi-

z 1 7B/"




"(uonel§ Jour0)) ndur yooys gA D AJeA 9)ed pajemoe onewnaud o) anp /) e ssuodsax payewnsy - BOE 31

(zH) Aouanbai

00001 0001 ozl-

00f1-

08-

124

09-

—

/IzH/B 21 gp K31sueq Tei3zoads UOTIRIDTIOOY

1
3
4

4=-00 "13 N0ONS /
N
I-IX

A=
..................................... NS SN I 00 100 8 S ROV _ (s
: : . . AW\

0¢-




‘uonel§ puyg
3y} u1 pajeso] sem 11 Ji (61 AD) 2A1eA 91e3 oneunaud e £q pasnes S[aA3[ Jooys 03 anp DS e asuodsal pajewsy - qO¢ “31q

(zH) Aouanbaig
00001 001 01 bozt-
I rr ! Tt Y
i . : : AT Q
. PEopd . a
)
i 4 =
E m )
H
o
i 001~ m
 Iequieyd e PaloT 5
®
Q
g
08~
; . = e}
m - ~
- o ™~
: ®
_____ . o] J
: 0
| o)
1
09-
poanseayw @.
H
o
d Q
=
il oy~ z”
m A naﬁ




‘(uoneyrs 1ouw0)) dund-oqiny je Indur Jo0ys sA[eA [enuew (] 01 anp 9INVH e asuodsal pajewrnisy - 90€ "SI,

(zH) Aouanbaiy

00001 001

0ZI-

001-

/IZH/B 21 gp LA3Tsuag Tealoads UOTIRIDTIDDOY
126

4



‘(uoneis pug) dwnd-oqin Je ndun §o0ys SAJBA [enuew 0] 01 NP S 18 asuodsal pajewnsy - pog “S1d

(zH) Aouanbaiyg

0ZI-

001-

09-

Z/IzH/ﬁ 2x gp A3Tsuag Tex3zoads uoTjleIa1addv

127




00001

‘(uone)g Jowo)) dund uoj je Indur }o0ys SAJeA [enuBw 0] 0} S0P GVH Ie asuodsax pajewnsy - 90¢ “S1.1

(zH) Aouanbaixg
001

0T

0Z1-

001-

08-

09-

/IZH/B 21 gp X3Tsuaq Tex3oads UOT3RIDTOOOVY

4

128

0¢-



Cambridge Acoustical

Associates, Inc.

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION
Noise Level in LVEA - Receiver 1a: 5m South of HAM-1
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Fig. 31a
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Cambridge Acoustical|Associates, Inc.

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION
Noise Level in LVEA - Receiver 1a: 5m South of HAM-1
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Fig. 31b
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Cambridge Acoustical Associates, Inc.

LIGO PROJECT/ VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION
Noise Level in LVEA - Receiver 1b: 5m North of HAM-7
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Cambridge Acoustical

Associates, Inc.

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION

Noise Level in LVEA - Receiver 1b: 5m North of HAM-7
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Cambridge Acoustical Associates, Inc.

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION
Noise Level in LVEA - Receiver 3d at TMP nozzle of CP-2
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Cambridge Acoustical Associates, Inc.

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION
Noise Level in LVEA - Receiver 1e on BSC-7

70 T I 1
N B TMP+TMBP+V&P "ON"
60 I [} & TMP+TMBP "OFF", V&P "OFF"
B A TMP+TMBP "ON",V&P "OFF"
- 5 NC-20 Design Goal
50
|
= F
s |
7]
8 L
5 40
S
E .
o -
N
: - \ !I\ ,
o 30 =
<] - \ \E
d_ -
- B \g\
ol \\\\E
N g\sa\ﬂ
10 \
: \4>
0

31 . 63 125 250 500 1k 2k 4k
Octave Band Center Frequency, Hz

Fig. 31f
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Cambridge Acoustical Associates, Inc.
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LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA END STATIONS
Noise Level in LVEA - Receiver 1a/ 1b: at BSC-9 Nozzels
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Cambridge Acoustical Associates, Inc.

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA END STATIONS
Noise Level in LVEA - Receiver 2a: at Manifold Section A-7
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