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INTR DUCTION AI{D SUMMARY

The specification places special operational constraints on the functioning of

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

been given to devices as sources of noise, vibration, and shock and their effect on

the sensitivi and alignment of the interferometer. In conjunction with Process Systems

lnternational, nc. a plan was proposedl to reduce the risks associated with these issues.

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

shock ofthe

performance

LIGO speci

PumP, a

and vent

resonances o

to a mounti

vibration

lon pump

vibration.

uipment, designing the first order mitigation treatments and analyzing

ith the treatments in place to determine the degree of compliance with the

measurements were performed on a short cryo-pump, a furbomolecular

backing pump, both the ion pumps and their controllers, a purge

and several valves. The following are general observations

concerning measurements:

vibration from the cryo-pump is broadband with peaks coffesponding to

the structure. Levels below 10 Hz were higher than expected, possibly due

resonance.

2.N band spikes above 450H2 due to rotor unbalance and power line

frequencies the turbomolecular pump. The pump's controller produces

vibrations in 50-450 Hzrange. Although not part of the design, isolating the pump

controller building an enclosure around the pump and controller will reduce both the

noise levels.

3.N discernible vibration or noise was measured from the ion pumps. The small

ler located in the vacuum equipment will be isolated to attenuate its

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

attenuate its ise and vibration.



that are

the

1.

structural

turbomolecular backing pump and the vent and purge system have levels

dB higher than the other equipment with significant low frequency energy.

They will be in the mechanical room on isolation pads.

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

peak. The operated gate valves'peak shock level is 1.9 g- The valves are

located a distance from the chambers. Estimated level at the chamber is 0.02 g.

The 10" and

0.3 g, respec

4" manual valves, located near the chambers, have peak levels of l0g and

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

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

beam and model. This model is extended large distances to capture the primarily

low influence of the boundaries. In the frequency range where the influence of

is negligible, but the response of the structure still exhibits distinct modal

peaks, a mid

where modal

uencv finite element shell model is used. In the high frequency region,

overlap is strong, a statistical energy analysis is performed. Room acoustics

and sound ission methods are used for the acoustic noise analyses. The following

are general ions concerning the transmission paths:

nsmission at the lower frequencies is governed by the mode shapes of

The body of the equipment and the manifolds behave as rigid

masses on flexibility of the supports and bellows. The lower natural frequencies

occur in the direction where the supports are weakest. These resonances will be

excited by ambient floor vibration as well as the source listed above.

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

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

3.A approximately 50 Hz, transverse shell and axial modes develop,

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

mid frequency model.captured in



increasing frequency, structural discontinuities (bellows, changes in

diameter, etc.) increase the transmission loss. Mass and distance are strong

factors in the

bellows is less compliant and less effective than the beam manifold5. The

bellows.

6. The

within.

1.

2.

3.

the hams,

4.

chamber,

extent.

transmission models were based on construction details as described

The ls and sources are combined using Norton's Equivalent Source Theorem.

Vibration bellows, springs or isolation pads, separate the sources from the

transmlssl0n These are low impedance elements that reduce the complexity of the

interaction ides providing attenuation. Each source is represented by a force vector in

three I directions. Similarly, the translational response at each receiver is

calculated al g three orthoganal directions. The resulting nine response components are

assumed and summed accordingly. The following are general observations

concerning

receiver vibration response levels do not meet the LIGO specification.

ls are lower when there is a bellows between the source and the receiver.

at the stiffer, massive beam splitter are significantly lower than those at

valves and beam manifold.

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

only exceeds specifications at the chambers below l0 Hz, to any significant

5. Vi response levels due to the turbomolecular pump/controller have

significant m frequency content.

6. In corner station mode cleaner fubes, the vibration levels are high because

ofthe light

ham bellows

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



levels from the vacuum pumps and auxiliary equipment are expected

to meet the iect noise criterion ofNC-2O during operational conditions, except during

intermiffent

during vent

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

purge compressor operations.

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

in detail. treatments have been designed for these paths and are expected to

attenuate any ibration.

II. LIGO

A.

CATIONS

LIGO vibration specification2 fo, the spectral density of the allowable

displacement on the walls of any vacuum chamber or on the floor within I meter of any

chamber is in Fig. la. This spectral density represents the allowable level of a

tone having a idth of I Hz at any frequency between 0.1 Hz and l0 kHz. Because

are used more commonly than displacement sensors to measure

equipment v ions, it is useful to recast the specification of Fig. la in terms of

acceleration. is is accomplished by multiplying by to 2, where co is radian frequency,

and the result in pg hlru as shown in Fig. lb.

specified acoustic noise limit from all simultaneously operating

vacuum equi in normal operation at any location within the LIGO vacuum

equipment laser areas is NC-20.2 This noise criterion, shown in Fig. 2, is defined in

terms of band levels from 63 Hzto 8 kHz center frequencies.

alve actuation or other intermittent device operations shall induce no more

than 0.01 g

chamber.

-to-peak acceleration at any point within I meter of any vacuum

B.

c.

4



III. ACH TO SPECIFICATION COMPLIANCE

comprehensive plan was put in place to identiff all potential sources of

significant vibration, and shock, from the vacuum equipment, to determine the

degree of iance with specifications, to design and evaluate control measures

proposed in proposal,l and to test installed vacuum equipment in the LIGO facility.

The objecti was to achieve the lowest possible impact on the gravity wave

The plan consisted of the following four parts:

l. Evaluation of vacuum system equipment with respect to vendors' stated

and shock performance and the inherent equipment design features that

. Testing of selected equipment to veriff vendor claims and to supplement

vendor data ith detailed measurements to cover the full range of the LIGO

specificati To accommadate the extremely low levels, low noise instrumentation and

specialized uipment mountings were used to enhance the measurement capability.

3. Implemetation of vibration, noise, and shock mitigation requirements as

1. Constraints imposed by the LIGO facility were incorporated into the

4. Analysis of the transmission of shock, vibration, and sound from the

identified to the vacuum chambers and to the laboratory floor. Comparison of

estimated I ls (with first order treatments in place) with LIGO specifications. Regions

where compl with specifications is not achievable have been identified for further

review and

Sources of Equipment Vibration, Noise, and Shock

1. Mechanical Roughing Pumps
-First 

stage roughing pumps are not subject to vibration

A.

B.

specificati



Turbomolecular Roughing Pumps

with multi

driven by

Turbomolecular roughing pumps achieve their pumping capability

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

less motors. Shaft bearing designs include ceramic ball and magnetic.

The ipal vibration source of these pumps is the unbalance in the rotor. This

produces a with a line at the rotational speed and its harmonics. Vibrations at

the power frequency, typically around I kHz, and its harmonics result from

effects in the stator pole structure. Finally, with non-magnetically

levitated broadband noise, (e.g., due to the interaction of the balls with the

lubricant) is

high voltage

Ion Pumps

Ion pumps operate without moving parts. They are energizedby

from an AC powered controller. Ion pump vibration and noise is

primarily with the high voltage power supply and controller, which incorporate

cooling fans transformers.

Cryogenic 80K Pumps

These pumps consist of exposed surfaces refrigerated to a cryogenic

which gases are condensed. The proposed pumps use liquid nitrogen

pressure at a temperature of 80oK. The boiling action of liquid

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

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

and v

temperature

that boils at

Purging and Venting Compressors

Non-reciprocating screw compressors are planned for this puqpose

in adjacent Mechanical Equipment Rooms.and will be I



peak vi

deceleration

Gate Valves

Gate valves are subject to the shock specification which limits the

amplitude induced by their operation. Primary mechanisms of shock are

seating. Both electric and pneumatic valve acfuators are used at various

LIGO

Test Chambers

be equal to or

chamber was

The backgfound acoustic and vibration levels at the test areas must

than equipment levels being measured. A special acoustically treated

ilt at PSI to test the Turbomolecular PumP, its backing pump and the ion

pump. A beamspliffer was built to test the short cryopump. The gate valves

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

and were at the vendors' facilities.

Equipment Mounting

Equipment to be tested were supported compliantly for isolation

from the test amber, thus allowing the measurement of the quasi-free vibration levels

required for analyses.

capability of

Test Instrumentation - Sensors

a. Vibration - When equipment levels were below the measurement

purpose accelerometers, hi gh- sensitivity ultra low-noise

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

GO specifications. The Wilcoxon Research model 73LA accelerometerrange of the

(lOV/g,600 ) was used from 0.1-300 Hzandmodel 916BT0-1 (7.5Y/g,700 gm)

provided low ise capability above 300 Hz. The equivalent acceleration spectral

densities ing to the electronic noise floors of these sensors are shown in Fig.

lb. Above I H4 the noise floor of model 7314 is lower than the specified amplitude.

c.

Above 300 H the noise floor of the 9l68T0-l is below the specified amplitude.



cryogeruc

(0.1Y/9,32

more sensiti

It's average

temperafure

between 63

other accelerometers were also employed. When testing the 80 K

p, a special PCB model 351841 cryogenic accelerometer was used

). It's average noise floor is approximately 2pS l\/Hz. In addition, a

non-cryogenic, Endevco charge accelerometer was provided by LIGO.

floor is approximately 0.3 pg lrf-Hz. No malfunction due to

noticed. High source levels, or vibrations at diffrcult mounting

locations, monitored with a general purpose PCB model32lL35 accelerometer (0.1

Y/9,24 gm). t's average noise floor is approximately 10 7tg /l-Hz. As required,

electronic occurring outside the frequency bandwidth of interest was limited using

pass filters.

b. Noise - Operating equipment noise was measured using a Bruel

high-order

and Kjaer 1,2236 Precision Sound Level Meter for assessing the overall sound

pressure in the Laser and Vacuum areas of the LIGO facility.

vendor site

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

g small, lower sensitivity accelerometers.

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

of these signals were performed using QAA'5 SIGNAL system.

and Kjaer

b. Noise - Acoustic measurements were performed using a Bruel

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

and 8 kHz were recorded. This meter has a noise floor satisffittg NC-10.

c. Shock - Measurements of shock-induced vibration due to

operation of gate valves were performed by recording the output of accelerometers

oriented alon three orthogonal directions and mounted on the gate valve fixture. Signals

were for the entire duration of the closing event, and the peak acceleration

obtained.amplitude



D.

backing

Main Turbomolecular Pumps

Each of the main turbomolecular pumps is separated from its

The turbopump is placed on its own cart and isolated from the

in by a soft bellows. The turbopump/cart is anchored to the floor to prevent

compressing axially under the external pressure. High frequency

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

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

turbopump, is on its own cart and located in the Mechanical Equipment Room.

The backing cart has its own vibration isolators.

Ion Pumn Power Suoolies

For the large

The sources of vibration with the ion pumps are the power supplies.

pumps, the power supplies are located in the Mechanical Equipment

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

and rest on vi ion isolators. The cable will incorporate "drip loops" to enhance

flexibiliw.

Cryogenic Pumps

of bubbles in

The 80K pumps produce vibrations from the formation and collapse

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

phase flow of the nitrogen entering the 80K pump. It showed that the

bubbles via the inlet pipe can be reduced by bringing the stratified

above the liquid reservoir. The incoming liquid now flows gently

the bellows

isolators in

Room. The

simulate the

generation of

flow from the

down a chute the reservoir while the gas escapes without bubbling through the liquid.

The bubbles from the boiling liquid in the reservoir are smaller and generate

higher Interferometer vibration resulting from this action are reduced by the

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

9

are used to vibrations.



rooms are

Purging and Venting Compressors

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

Mechanical

and suction

uipment Room. The skid is mounted on vibration isolators. The discharge

of the system in the corner station have mufflers or sound attenuators.

The mid and station's systems are not operated during interferometer operation.

skids, and the

Equipment Located in Adjacent Mechanical Equipment Rooms

The turbomolecular backing pumps, vent and purge compressor

pump controllers are located in Mechanical Equipment rooms. These

adjacent to the vacuum equipment area on separate floor slabs. All

lines going

connectors.

the mechanical room to the vacuum equipment area will have flex

oise radiated by operating pumps and electronics are mitigated by

reducing the ofthe external structural surfaces of the equipment. These

mitigations are described in the previous section. The turbomolecular backing

pumps, vent

Mechanical

purge compressor skids, and the ion pump controllers are located in

uipment rooms. These units take advantage of the noise control provisions

required to y isolate auxiliary equipment (e.9., fans, chillers, pumps) located in

these rooms the vacuum equipment areas.

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

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

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

source. The will be compliantly supported from below to isolate them from the

E.

F.

facility floor.

l0



IV. SO MEASIJREMENTS

measurements were performed on a short cryopump, a turbomolecular

backing pump, both the ion pumps and their controllers, a purge

and several valves. The equipment used to measure source levels is

laterally. The PCB general purpose accelerometer was attached to the

pump, a

and vent

described in ion III.C.

There contamination associated with the low level measurements. The

is caused by: i) facility background levels; ii) amplification in the

around the mounting resonance, approximately 5Hz; iii) sensor

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

below, these contaminations will be noted.

Cryogenic 80 K Short Pump

A schematic of the cryopump is shown in Figure 3a. The cryopump

beamsplitter

fundamental

in the vertical direction by spring hangers connected to a support beam. A

as used as the vacuum jacket in which the support beam was attached. The

resonance of the cryopump was 5 Hztnthe vertical direction, and

lower y. A photograph of the cryopump outside the beamsplitter is shown in

Figure 3b.

The was filled with liquid nitrogen. During the measurements there was

no nitrogen but vapor was allowed to escape. This vapor was monitored to

determine boiling rate. The boiling rate was controlled by adjusting the heat load.

The flow rate varied between 2.8 CFM and 9.5 CFM. (4.1 CFM is approximately the

flow rate at cryopump's frosted condition.)

erometers were installed on the support mount of the cryopump, the

PCB

accel

accelerometer in the vertical direction and the LIGO Endevco

A.

Two

1l



support beam

to monitor

Each

2.1 seconds.

(PSD) were

window. T

purpose 16,

Plots

in Figures 3c

compared to

had boiled

vertically.

The first she

coherence

point s

response of

narrow band

but no trend

boiling rate

highest rate.

The

Figure 3f.

bubble was

applies.

smaller than

vib

the seismic accelerometer was mounted at the base of the beam splitter

ground motion.

of test data was recorded at 20,000 samples per second for a duration of

sing the analysis package SIGNAL, acceleration power spectral densities

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

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

cryopump accelerations at an operating condition of 4.1 CFM are shown

3d in the lateral and vertical directions, respectively. The levels are

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

measurements below 10-20 Hz are affected by the mounting resonance.

resonance occurs at approximately 100 Hz. The transfer function and

the vertical and lateral accelerations are shown in Figure 3e (16,384

). The levels are comparable in the shell resonance region.

on measurements were recorded at various bubbling rates. The frequency

data is plotted in Figure 3f (frequency smoothing was applied to remove

uctuations). The data show the stiffrress and resonance regions of the shell,

ith boiling rate. In contrast, based on analysis6 a 3 dB per doubling of the

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

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

comparison is good. It is noted that in the analysis, the rise velocity of a

icted on the assumption that the bubble is a rigid sphere and Stokes' law

, experiments indicate that Stokes' law applies only to bubbles that are

ose in the cryopurnp.T Fo, a single bubble of the size observed in boiling,

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

t2

bubble



predictions on Stokes' law. But, it is also observed in Ref. 7 thatthe terminal

in the presence of other bubbles, and the cryopump produces a bubblevelocity i

swarm.

being

source of data contamination are the ambient floor or ground vibrations

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

levels on the in Figure 39. The floor levels are lower except below 10 Hz, and

above the ground. Accelerometer measurements on the wann side of the cryopump

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

the

The levels shown in FigUre 3c were taken to be the source levels. Those

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

contaminated the support resonance frequencY.

Turbomolecular Pump

A schematic of the test configuration is shown in Figure 4aand a

photograph the pump is shown in FigUre 4b. The turbopump has two sources of noise

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

through the

through the

Two

's flange via a bellows into the beam manifold. The second path is

configurations were used to measure the levels through the two

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

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

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

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

Because of ing difficulties, the low frequency accelerometer was used only in the

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

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

was not used

t3



On

than the

dominated.

flange and

frequency

There

vibration is

the cart than

and the

lower level

mount (

Figure 5b

not be

The

considered

to be

equipment

soft (approxi

placed on i

flange the vertical and lateral levels were comparable, and slightly higher

in the axial direction. On the base of the cart, the vertical vibrations

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

lerometer, above 300 Hz with the general purpose accelerometer.

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

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

the flange. The fundamental rotation frequency of the PumP, at450Hz,

line frequency around I kl{z and harmonics are evident on the plot. The

noise is limited by the general purpose accelerometer sensitivity.

Large Ion Pump and Controller

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

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

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

was no difference in levels with the pump on or off. The ion pump will

asi a source in our analyses.

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

important source because of its location.

Small lon Pump and Controller

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

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

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

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

to attenuate their vibration.

5. Turbomolecular Backing Pump

The backing pump was tested on isolators using the general purpose

The "worst direction" vibrations are shown in FigureT. Levels are

l4

accelero



relatively hi However, its location, on a separate foundation in the mechanical room,

and isolation will attenuate the levels transmitted to the vacuum equipment area.

Vent and Purge System

The LIGO vent and purge system was not available for testing. The

a similar system, located near PSI, and tests were performed on site.

Unfortunate , this was a noisy mechanical equipment room with other sources of

vibration. N less, measurements on a concrete slab adjacent to the system are

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

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

analysis, the levels were applied directly to the foundation.

the following, the airborne sound levels were measured at a distance of 3

feet and a hei of 5 feet from the source.

1. Cryogenic 80K Pumps

The cryogenic 80K pumps are located inside a vacuum chamber and

strucfureborne, rather than noise, sources.

2. Turbomolecular Pumps

A resiliently mounted turbomolecular pump was tested in PSI's

acoustic . Measured noise levels with the equipment turned on and offare shown

in Figure 9. peak within the 250H2 octave band is due to the controller.

3. Large lon Pump and Controller

The large, resiliently mounted, ion pump was tested in PSI's acoustic

noise levels are shown in Figure lOa. There is no measured

the equipment on or off. The controller test was in the same chamber but,

because of eduling, performed during noisy working hours. The data are shown in

low 125 Hz, there was background noise contamination.

vendor i

chamber.

difference

B.

Figure 10b.

15



resiliently

There is no d

acoustlc

Measuremen

Levels are

7I dBA,

measured at

Associates,I

ofPSI speci

orthogonal

amplitudes

acfuator v

between I

Figures 14.

GV6 and G

c.

4. Small lon Pump and Controller

The small ion pump was not tested. The small ion pump controller,

was tested in PSI's acoustic chamber. Levels are shown in Figure I l.

in level with the controller on or off.

5. Turbomolecular Backing Pump

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

. The levels are shown in Figure 12.

6. Vent and Purge System

The LIGO vent and purge system was not available to test.

were made on a unit of similar capacity in a noisy mechanical room.

in Figure 13. Based on more recent manufacfurer's overall noise data,

levels are anticipated on the purchased unit.

Shock Measurements

1. 44 Inch Gate Valve with Motor Actuator

LIGO G44E valve shock levels during opening and closing were

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

8 Th. valve was mounted and tested in accordance with the requirements

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

and at two locations during the tests. All readings indicate

0.002 g or less. The maximum allowable shock is 0.01 g. The motor

are not considered as sources.

2. 44Inch Gate Valve with Pneumatic Operator

GNB tested a pneumatic valve as described above. Peak levels

1.9g were measured.9 Sample acceleration time histories are shown in

pneumatic valves are located at the far end of the corner station (see

on Figure 16c). The effects of the shock on the chambers is discussed in

16

the next



v.

10Inch and 14Inch Manual Valves

The Varian 10" and 14" manual valve shock levels were measured at

ves were rigidly mounted to a beam splitter. Peak shock levels of 10 g and

0.3 g were on the 10'! and 14" valves, respectively. Sample acceleration time

histories are in Figures 15a and 15b. The manual valves are located near the

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

ION ANALYSIS

modeling of the transmission path between source and receiver is

frequency regions, low, mid and high. In the low frequency, or large

sffuctural wa ength, region the vacuum equipment and connecting manifolds are

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

and lossy

primarily

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

frequency influence of the boundaries on the transmission.

The ition from the low to mid-frequency region begins when circumferential

shell modes the tubing that comprises the major part of the interferometer vacuum

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

is modeled with axisvmmetric shell finite elements. The model

PSI.lo The

divided into

transmission

A.

assumes ic tubes, but applied loads, boundary conditions and in turn,

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

mit the extent of the strucfure considered. As a consequence, this model is

influence of the boundaries at which the model is artificially terminated,

necessarv to

limited by

although this less important with increasing frequency. However, as frequency

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

CAA's comp and (Nastran) finite element code.l 
I Abou. this frequency, statistical

were performed. With this technique the structure is divided into

T7

energy



The

results.

plotted in Fi

sectional

stiffiress

The model

coupling loss

with the power flow between subsystems calculated based on

for "canonical" geometies.

Low uency models of the entire vacuum equipment area in the end, mid and

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

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

figures, lar pump and cryopump sources along with receiver locations

specified by GOl2 are also indicated.

lowing sections describe the models of the strucfures, the sources, and our

1. Low Frequency Models

Nastranl 
I frrrit, element beam representations of the equipment are

17 a,b,c for the end, mid and corner stations respectively. Beam cross

were calculated for all equipment and their supports. The mass and

of the bellows are derived from data provided by the bellows

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

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

corner

which is not led.

The e ve loss factor for the manifold and chamber material is assumed to be

0.011q:1gg The partially welded/bolted construction of the supports creates more

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

assumed to 0.04(Q:2s).

The " 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.

lossy spring.

The complex, direct frequency, solution was used to perform the analysis.

Harmonic from l-100 Hz were applied at the turbo pump locations, the floor below

and at the cryopump in each of three perpendicular directions. Since shell-the turbo
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like

neglected

diagnostic

behave as a

detail and

The

conical shell

not be axi

tubing, the

flexibility.

inflexible

We

negligible.

supports and

modules and

estimated

cylindrical

reported by

and material

equal to that

The v

frequency

frequency

modes and local bending of the neckdown sections cannot be totally

50IIz, results computed at the upper frequencies are used primarily for

At the lower frequencies, the body of equipment and the manifolds

mass resting on the flexibility of the supports and bellows. Stnrctural

wavelength was the dominant factor in determining the mesh size.

listings of the three Nastran models can be found in Appendix A.

2. Mid Frequency Models

The mid-frequency models consist of Nastranl I axisymmetric

trapezoidal solid elements. The applied loads and displacements need

ic, as the formulation allows for a Fourier expansion about the

coordinate. The conical shell element, used primarily to model the

common part of the structure, includes both membrane and bending

axisymmetric elements are used to model the relatively thick and

assumed, in choosing to model the vacuum equipment as solely

that the effects of many non-axisymmetric attachments to the shell are

such as the turbo pumps and ion pumps are ignored. The

are also omiffed from the model. The beam splitters, horizontal access

valves, are replaced with cylindrical shells that have the same mass and

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

ls with membrane stiffrresses set to produce the equivalent axial stiffrress

manufacturer; the bending stiffrresses are based on the actual thicknesses

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

the actual item.

ion sources, the turbo pumps and cryo pumps, are simulated by constant

forces applied in three translational directions to the shell. As in the low

ge, the Nastran direct frequency formulation was used for these

l9



calculations.

center point

the case of the turbo pumps, the loads were applied to the shell at the

the location of the ports. The cryo pump excitations were applied at the

points where isolator/supports attach to the inner cryo-pump sleeve of the outer

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

ions were performed for driving frequencies between 40Hz and I kHz.

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

20H2,8 elements per wavelength at 660llzand 6.5 elements perwavelength at

wavelength at t kHz. (The latter case slightly violates the general rule of thumb of 8

elements per I wavelength.)

Four of the vacuum tube interferometer structure were modeled. The

Right End S ion model consists of the tubing assemblies including beam splitter BSC9

to gate valve

and receiver

V20. Figure l8a is a sketch of the finite element model with the sources

ints indicated. It was not possible to obtain all of the listed receiver points

from the ; for example, the End Station receiver locations la, and lb on the slab are

A-7 tubing adjacent to the beam splitter.

Mid Station model consists of the assemblies from BSC5 to gate valve

GVl6; note the other side of BSC5 is identical to the Right End Station already

modeled. On Corner Station, HAM5 to HAM6 is analyzed. Lastly, the fourth model

consists of

plots ofthe

vacuum tubing between BSCT and BSC4 on the Corner Station. Computer

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

these models listed in Appendix B.

High Frequency Models

a. Introduction - In this section we describe our high frequency

analysis of noise along the LIGO beam manifolds. Although the basic

formulation ( on b) has been implemented for all sections, the discussion below

(subsection c focuses only on the application to an end section from the gate valve to the

calculated on

The Ri

beam splitter.

20



For

hish

frequencies

such as the

flexural

where h is

in.) plating at

they

both a

Along two di

levels

receiver. Di

expressed in

form exp(-

parallel

the problem

the ground

phenomena

locations, e.

technique is

the followin

thin shetl and plated box-like structures along this path the predominant

wave motion tends to be flexural. By high frequency we mean

which the flexural wavelengths are small relative to the structural scales,

gths and diameters of the tubular sections. For thin steel plating the

is given by

)'r(m):Znlkf - 96. lW (1)

plating thickness and f is frequency. To illustrate, with 6.35 x l0-3 m (ll4

I kHz., )rr* 0.3m (12 in.). Structureborne noise levels will attenuate as

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

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

ional plated structures the spreading is cylindrical with acceleration

ing as r-rtz where r is the distance (range) along the plating from source to

ion associated with flexural wave propagation is conveniently

of a structural loss factor q . Here the associated attenuation is of the

r \ I 4) : exp (- n q r l2)'). Dissipation may also be associated with

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

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

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

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

ibed above and allows one to estimate absolute levels at receiver

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

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

section.

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

strucfure to be analyzedis divided into subsystems each "large" in terms of

21,
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the

imposed

where trj is
power "lost"

dissipated

the

and

here a:2
For

where . m;

subsystem m

Eq. 4 to

obtaining the

equations,

end section

c wavelengths. For each subsystem'J" a steady state power balance is

trj:trr( +f n",,r (2)

input to the subsystem, El is the power it dissipates and trj,u the

neighboring subsystems. A fundamental SEA concept is that the above

"coupled" powers are proportional to the space-averaged stored energy of

<E>. Specifically,14

n! : a\i<Ei> (3)

["i,u : co [n j,tl Ej> - q 4i< Ep>7 (4)

f ^d Tl, and Tl j,r ur" defined as dissipation and coupling loss factors.

noise

<ii;>: o)2<Ei>lMi (s)

is the subsystem space-averaged squared acceleration and M, the

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

late a set of simultaneous equations in the unknown stored energies,

uired loss factors,l5' 
tu defining the source strength(s), solving the

using Eq. 5 to obtain the desired response. This is described below for the

pictured in Fig. 19.

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

in Fig. 19. There are twelve subsystems in our SEA representation,

22
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each a uni section of the tubular manifold. Power is coupled among them across

structural d inuities of various types, viz., stiffening ribs modeled by their inertia,

bellows by their compliance, and section radius changes. Power may also

through the supports and lost to the floor slab. In addition it propagates

problems to

beyond the led sections where it is "lost" to the beam splitter on one end and the

continuation f the manifold on the other.

As is practice with this approach, we obtain the required coupling loss

factor ons from the analytical solutions to highly idealized, so called "canonical".

problems. F coupling from one manifold section (i) to another O we take all such

one-dimensional with a loss factor of the form

/M,.vf > whet" <ul > is the mean squared velocity of subsystem i.toTl i,t - tr

Also mani curvature is ignored, thus limiting the validity of the analyses to

frequencies the ring frequency ( O : a alc: 1) of the smallest diameter, (1.1m),

manifold roughly l.4h}lz.

Our m for computing subsystem coupling loss factors is sketched in Fig. 20a.

ing flexural wave is partially reflected and transmitted at theA freely

be transmi

discontinuity

coupling, the

form

circ

tube sections. Assuming a strong discontinuity and hence weak

energy is primarily reflected and the coupling loss factor takes the

o 4 i; : 12 Relz,f /m,

where Z j:
oftubej, &,

1 - t) a p hlkris the drive line flexural (semi-infinite) plating impedance

fi6 u, /-AE is the flexural wavenumber in plating of thickness h and

sound speed ffii : Mil2n a, the total mass of tube i per unit distance around the

and the transmission coefficient r is the ratio of the transmitted to incident

(6)

wave ampli

23



Ribs flanges are modeled by their lumped inertia. For coupling at a section

radius change rotational (inertial) impedance of the discontinuity relative to that of the

tube plating i taken to be infinite and coupling across the junction is through translation

only. In this we obtain

r :2/l2i-(r-i)Zl

with

Z : (-iam,,o + Zr)/(a*,/ky1,)

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

thickness, we

we obtain

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

12 :> 
"l + ,',

with

,?: l2(l+ZjlZ,i)f2

and

,? : 12 (t + z; / z;)f2

where the ipt r denotes a rotational impedance.

For ing across a bellows in this high frequency regime it is assumed that the

low frequency ing-like isolation provided by the bellows is short-circuited by flexural

ng along the comrgated thin skin as if it were straightened. Here the

(7\

(8)

(e)

waves propa
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discontinuity

where

Fina

from manifo

vibration

infinite

by

where Arupt

the support

To estimate

half-space

the difference in the tube and bellows plating thicknesses. This yietdslT

Tl ,j : o rz lkrrrrL, (10)

(o-stt + o-3t4 I o3ta + ot,o) /(.5 oz + o-rt2 + ort2 +.5 o-2)

hi.

, in Fig. 20b we sketch our model for estimating the coupling loss factor

plating into the concrete floor slab via each support and the associated

of the slab away from the support. Representing each support as a semi-

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

on i, slab 
: 

P cArupt/ a M, (11)

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

lF*o,lt : (P "Arro,lr)'<ii:>

resulting surface vibration levels of the slab we model it as an elastic

consider (only) the far-field Rayleigh wave contribution to the r.rponrrlT

,w?)lFl : ,,r21xtc1(kRlznr)ttz k^, >> I (r2)

K : (p, /8)lG /12 - p'- (1 - a\rrz (r - pr) trz - ,1

25
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and

where the

Rayleigh wa

cR : 0.92 c

speeds in

cr: 1.8x I
For all

metal

compact

P, : lFl'Y,
infinite beam

room foundat

gap between

soil. The

is 38'x32'.

in the

the vacuum

Y : F - .5(or + 82 )l //(1 - a2) (l - p')

modulus of concrete G : 8.9 x l}e N/mt(t.: x 106psi), ttre

kn = a lc^ with the Rayleigh wave speed given by

, & : c^lcoand p : cRlcrr israngeandthedilatationalandshear

are taken to be cd : 3 x 103 mlsec ( l.l8x l}s inlsec) *d
3 m/sec (7.6 x 104 in/sec), respectively.

f our numerical simulations, we let 4, : 0.01, typical of fabricated

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

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

with Yoltg : (4p tlrj,,r/tQ)-t or, if applied through a rib, driving an

ith P, : lFl'RelY6r*n7 and.Re lYo"o l : k71b"o rl4a pAu"o. ."

Model of Floor Vibrations from Mechanical Room to Vacuum

Eouinment Area

To analyze this "flanking" path it is assumed that the 8" mechanical

is connected directly to the 30" vacuum equipment area foundation. The

ions is ignored. Both are supported on lossy springs representing the

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

source, turbomolecular backing pump or vent and purge system, is located

I room l0' from the vacuum equipment area. The receiver is located in

uipment area25'from the mechanical room. Only vertical excitations and

considered.

Source-Model Interaction

a. Cryopump - Norton's "equivalent source" theorem, (Figure 21) is

26
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cryopump

cryopump

characterized

calculated as

much less th

used to measured source acceleration levels to model input forces. For the

cryopump, support impedance is much less than that of the cryopump or the

cryopump's jacket. In this case the force into the vacuum jacket is determined

by computing reaction force of the support when the vibration source is applied to the

The resulting force to acceleration transfer function across a single

is shown in Figure 22a. It is assumed that the applification due to the

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

There ten such supports connectingthe cryopump to its vacuum jacket, four

vertical, four and two axial. Each support is excited in three directions. A total of

thirty forces applied to the model. The forces are assumed to be incoherent and

responses are ined incoherently, i.e., the square root sum of the squares.

b. Turbomolecular Pump - The turbomolecular pump is connected

to the beam nifold through a bellows. The bellows, like the cryopump support, is

a low impedance. The force into the beam manifold is therefore

applied to the

and the transfer function is plotted in Figure 22b. Three forces are

l, corresponding to the three princippl directions.

For vibration path through the pump's support, the impedance of the support is

that of the massive foundation. Isolation pads under the support are

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

22c the measured drive point acceleration at the base of the suppport with the

calculated dri point accelerance of the foundation. From Figure 2l,the force into the

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

impedance at

four incohere

base of the support. Only the vertical direction is considered. There are

only on the I

forces corresponding to the four support legs. This analysis is performed

frequency model.

c. Turbomolecular Backing Pump - The turbomolecular backing

0 Hz isolators. Using the impedance of the isolators and the inertialpump sits on

27



impedance of

equation in Fi

and purge

determined

impedance.

excluded

Responses

each sou,

They are

Hanford

plotted in Fi

turbomolecul

an axial

manifold, hi

between the

due in part to

high at the

cryopump

low

resonances.

beam tube a

backing pump, the forces into the foundation are computed using the

20.

d. Vent and Purge System - The effective source level of the vent

was measured on the foundation. The force into the foundation was

multiplying the measured veloclty by the foundation's calculated

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.5.

calculated along three directions and incoherently summed. Results for

ver pair are presented below as displacement power spectral densities.

against the LIGO vibration specification (lower dashed line) and the

ground vibration measurement (upper dashed line) for quick comparison.

a. End Station - Results for various source-receiver pairs are

23athru23k. The levels at BSC9 in response to the closer

pump (Fig. 23a) are high in the mid frequency range. This is the result of

associated with the flexibility of the neckdown region of the beam

input levels from the turbo-pump controller, and lack of a bellows

and receiver. The levels are lower at the second turbo-pump location,

bellows (Fig. 23b). The chamber response to the cryopump (Fig. 23c) is

frequencies owing to high source levels and the lateral resonance of the

ion at 8Hz.

ly, the levels in close proximity to sources are high (Fig. 23d-g). The high,

response at gatevalve WGV20 (Figs. 23h-i) is due to a number of system

, the modeling of the end valve did not include the stiffrress of the

its nafural frequency may be underestimated. Its natural frequency,ZHz,

8 Hz natural frequency of gate valve WGV29.

28

is lower than



The I on the floor near BSC9 in response to sources exciting the beam

manifold are (Fig. 23j). The levels transmitted through the pump's cart (Fig. 23k) are

high in the -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

are plotted in igures 24a and}4b. The mid station is similar to the end station but with

an extra pump port and cryopump. Consequently the levels are similar. The beam

manifold is shorter and stiffer, thus increasing some of the natural frequencies.

c. Corner Station Vertex/lVlode Cleaner Results - Results for

various sourc

are highest in

iver pairs are plotted in Figures 25aand 25b. The chamber responses

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

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

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

high frequency levels.higher mid

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

results are similar to those for the turbo-beam splitter with a bellows

the cart will

fewer strucfu

26a and26b.

in the mid end stations.

e. Corner Station Right Beam Manifold Section - Results are

plotted in F 27athru27g. This section was analyzedinthe low and high frequency

regions only. Results at the beam splitter (Figs. 27a-c) are typical, but with slightly lower

levels than other splitters because of the larger distances from sources. Near the

sources, leve are high (Figs. 27d-e). The end gate valve, GV8, the low frequency levels

27f-g).

f. Corner Station Remote Locations - With our low frequency

are high (Fi

model of the orner station, the response of a receiver on the side of a chamber opposite a

source was yzed. Results are plotted in Figures 28a thru 28f. The responses of HamS

turbo pump in the diagonal (Figs. 28b,d) are higher than expected. Thisand Ham9 to
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is due to the iveliness" of the Hams and the proximity of the source.

g. Mechanical Room Sources - The predicted maximum floor

response a chamber due to the turbomolecular backing pump and the vent and purge

systems is

20 Hz, its

vent and

between

in Figure 29aand 29b, respectively. The backing pump has a peak at

resonance, and at 60H2, its operating speed. The compressor on the

system operates at29I1z. With both sources, the inclusion of the gap

ions in our model would reduce the predicted levels, somewhat.

B.

effect of the high shock levels caused by the opening and closing of the

pneumatical actuated gate valve was evaluated using existing vibration models.

Acceleration

in Figure 14

be a velocity

spectral densities (PSD) were created from the time histories shown

15. The force into the model was calculated by considering the valve to

attached to the bellows. This assumes that the valve moves as a rigid

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

The is located in the corner station where we have only developed a low

The resulting PSD at BSCT is shown in Figure 30a. The low frequencyfrequency

RMS acce at BSC 7 is 0.009 g. Assuming the peak levels are roughly twice the

rms values. a .02 gpeak response is predicted at the beam splitter.

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

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

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

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

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

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

30
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. Overview

The purpose of the acoustical models is to predict the noise level at

locations in the various Laser Vacuum Equipment Areas [LVEAI of the

generated during LIGO operational conditions by vacuum pumps and

provided by PSI. The project specified operational noise criterion

C-20 applies. Receptor locations include specific locations on the vacuum

Use was made of the July 1996 architectural and engineering

Parsons, as well as vacuum system layouts and details provided by PSI.

involves modelling the LVEA's acoustically to reflect the

the sound absorption properties of all surfaces and contents and

various transmission paths for airborne sound from equipment located in

upport Equipment Areas IVSEA] as well as from the equipment located

. Finally, combined noise levels are calculated at typical receptor

on the quantrty and distances of the various sources.

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

ized 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.

ide a more complete description especially for larger sources such as

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

same slope it has between 63 and l25Hz, for information only.

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

to produce highly diffuse reverberant sound fields beyond the direct field

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

ion wherein the sound fields of distant sources will keep decreasing with

3l

the Corner S



distance at a

complexity,

reverberant

and other

partitions,

noise

combinations

from the

sources, bei

predicted

of the noise

include all

located withi

operational

possibility

be isolated

during repai

and its noise

pumps used

criterion si

rate, however, to be conservative and avoid computational

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

is determined by the acoustical ceiling, the sound absorption of all other

including all equipment, as well as occupants.

c. Noise Reduction of VSEA Envelopes - The partitions, doors,

ial airborne sound transmission paths, e.g. ducts penetrating the

seals around penetrations are combined to achieve a frequency dependent

ion path to the associated LVEA.

d. Receptor Noise Level Predictions - The noise from

sources under various conditions can be predicted, based on the distances

in the LVEA and from the VSEA as a combined sound source. The

non-synchronous, i.e., uncorrelated, are combined on an energy basis. The

levels are compared to the NC-20 spectrum. In certain cases exceedances

iterion are found, in particular due to the turbomolecular pump carts.

Vacuum System Noise - Equipment List

The potential airborne noise sources used in the acoustical models

pumps and auxiliary equipment provided to LIGO by PSI that are

the building envelopes of each Station and to which the project specified

ise criterion contour of NC-20 applies. In the Corner Stations, the

that LIGO may be in operation while vacuum sub systems, which can

the operational vacuum segments via the gate valves, are down, e.g.

. During such events the Vent and Purge Equipment may be in operation

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

ing initial pumpdown such as roughing pumps are exempt from the noise

LIGO is then not operational. Cryopumps are not expected to produce any

32
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to noise duri

Table 1.

CORNER S

owing list identifies the vacuum equipment which potentially contributes

LIGO operations.

of noise producing vacuum equipment for different LIGO stations for
operational conditions.

TION [WA, LAJ

'N IWAJ

33

Airborne noise from top of
Beam Tube location

Airborne from floor location

Airborne from pump and
controller

Airborne from 6 in. pipe into
LVEAIntake Air

Via VSEA envelope

Via VSEA envelope

Via VSEA envelope

Airborne noise from top of
Beam Tube

Airborne from floor
location

Small Ion
Controller

Airborne from pump and

controller



Via VSEA envelope

Via VSEA envelopeLarge Ion
Controller

Airborne noise from top of
Beam Tube

Via VSEA envelope

Airborne from floor
location

Airborne from pump and

controller

Via VSEA envelope

END STATI, [WA, LAJ

chamber, or

3. Acoustic Field Calculations

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

particular area of a beam manifold is the combination of all sources

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

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

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

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

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

rces in rooms. The sound pressure level, in dB re20 micro Pascal, is

The
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LP=Lr* , l0dB

where Ln is acoustic power level in dB re 10-12 wafis, r is the distance between

source and in ft, R is the room constant. The calculations are repeated at each

octave band

coefFrcients,

frequency yielding reverberation times, average absorption

the space

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

n different materials, equal to

s, &,

where S is

absorption

area of an specific absorbing material, in sq ft, and a is the sound

ient of that surface. The product ,Sa has the units of Sabins and

represents an ivalent area of perfect absorption. R includes the additional effect of air

absorption licable at higher frequencies and significant in large spaces. Persons are

assigned a gi number of Sabins. The critical distance at which the direct field

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

in the brackets, is given by

7 crit =

Sound in these spaces will generate highly diffuse reverberant sound fields

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

occurs at

Stations.

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

ion time of the spaces in seconds is given by the simple equation,
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T = 0.05 l/lR

space volume in cu ft and R is the room constant.

power levels for the sources in the LVEA's are obtained by calculating

the equiva sound power level for a point source having the measured sound pressure

level at 3 ft.

(assumed to

the End S

where V is

The

USGypsum,

about 60%.

sound power due to sources in the VSEA's is obtained from the intensity

uniform over the partition in the vicinity of the equipment) by combining

the measured levels at 3 ft. The radiated power is then the product of the intensity

and the area of the partition. The transmission loss of the partition, including all

is subtracted to obtain the transmitted power into the LVEA. This simpleflanking

approach is on the fact that on the source side the partition is in the direct field

while the locations are all in the reverberant field of the partition. For the Corner

Station the ive radiating area used is 1990 sq ft while it is 550 sq ft for the Mid and

End Stations. As described above, the sound power radiated by the partition is found to

be about ten greater than the total reverberant sound power in the VSEA due to the

same This justifies the use of the simplified model in providing conservative

levels from these sources.receptor

Room Acoustic Models

The Corner, Mid, and End Station LVEA's are large and tall and

sparsely hed. The Corner Station has a volume below the ceiling of about I million

cubic feet. to the geometric similarity of the End Station and the Mid Station (WA),

is used as the acoustic model for both.

for an acoustical ceiling with a modest absorption rating the remaining

are sound reflective. The planned acoustical ceiling product is

lean Room Panel", Item #56090 whose absorption coefficient averages

though, the sound absorption of all other room surfaces including all

, is quite small, averaging about SYo,the large surface areas involvedvacuum equ
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this to absorption is included. The absorption due to a few occupants is also

culated average absorption coefficient and the reverberation times for the

Stations are irly independent of frequency in the range of 63 Hz to 4k}Iz. In this

frequency the absorption coefficients of common materials are available from

handbooks to 125 Hz based on standardized test procedures, e.g. ASTM C423, and

quite reliably to 63lfzbased on published research reports. The

uniformity absorption down to low frequencies results from the ceiling panels

being backed deep air spaces and the l0 to20Yo absorption values in the lower octave

bands typi exhibited by the gypsum board wall panelling. In contrast, the concrete

floor slab the rigid metal vacuum components provide very small absorption values,

ll frequencies. The average reverberation time is about 2.2 seconds in theabout 3%o, at

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

Sound Transmission Through VSEA Envelopes

The effective transmission loss [TL] includes flanking paths via

penetrations, and access doors. These various factors are considered in

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

adjoining L 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

on of some minor recornmended changes discussed in the Section 8

included.

The

can be

Corner

ductwork, pi

the acoustic

With the
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"Comments Drawings", the partitions descriptions and dimensions are taken from

R.M. Parsons

a. Sound Transmission Individual Envelope Components - The

transmission for each octave band even if the construction does not precisely

duplicate any boratory or field tested partition can be estimated based on prior

expenence a large quantrty of published information on sound transmission through

g materials. The partition descriptions are on Drawing WA-A428.

Sound ission loss values for gypsum wall board (GSfB) partitions are based

primarily on contained in United States Gypsum Co. (Chicago,IL) Publication SA-

92L,1990 edi and Publication CS-l39ruSG/10-84. The transmission loss data in

extend down to3IHz, in some cases, well below the standard ASTMthese publi

E90 test freq lower limit of 100 Hz. Although these low frequency data do not

claim con ce to the standard, they convey useful information for dealing with

control of I frequency machinery noise.

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

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

Examples of ducts running through the vsEA's are shown on the mechanical

drawings, as plan HZL} and sectionH242. The leakage via these paths is not a

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

from round to rectangular duct in the return duct for the Corner Station which is reflected

in the path

Since vacuum equipment is attached to the building structure in various ways

and is directl or indirectly in contact with vacuum vessels and manifolds via air and

cooling flexible bellows, electrical conduits, and instrumentation cables

1ge paths of undesirable dynamic energy are inevitable. The

transmlsslon a these paths is controlled through the "first order" abatement techniques

equipment, including vibration isolation elements, flexible pipe

various bui
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connectors,

LVEA is

between the

effective

damping materials. The joint between foundation slabs surrounding each

I in controlling flanking path transmission of both airborne and

noise.

ing transmission loss values have been used in the acoustic path model

is and the LVEA's. The combined transmission loss depends on the

area of each component.
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Table 2. ransmission Loss Estimates for VSEA Envelope Components.
Values in dB.

40

Octave Band Center Frequency, Hz

DUCT: Mid
dia. duct and& End - 16"

DUCT: Mid
dia. via intake

ceiling
& End - 32"

register
Corner - 42

Corner: v

ON at Pipe



above for the

each

the assumed

southerly

Area, other

below the

spectrum of

figures. The

noted the

locations in

Vent and

b. Estimated Transmission Loss Through VSEA

Envelopes - Combining the transmission loss values tabulated

or End Station and Corner Station on the basis of the areas involved in

the following results were obtained. In the case of the Corner Station,

itting envelope below the acoustical ceiling includes 40 ft of the

and the 40 ft of the westerly wall portion not overlapped by the Access

the path via the door. In the Mid and End Stations the whole partition

ical ceiling is used.

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

Receptor Noise Levels

The vacuum equipment noise levels are calculated at the following

receptor locations taken from the LIGO list [2]. The octave band

levels compared to the NC-20 criterion is shown in the corresponding

and the sources are identified in Figs. 16a-c. Unless otherwise

elevation is 2 m. The End Station results apply to comparable

Mid Station as well.

a. Corner Station Receptor ID la: 5 m south of

HAM-I - Fig. 3la shows that without the two TMP Cans or the

Compressor in operation the predicted noise level from the remaining

is below the design criterion. However, with either of these systems

4l

Octave Band Center Frequency, Hz

End or Mid

vacuum eq



in operation, lly the TMP Carts which are typically close to beam tubes and

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

Indi 1 contributions by the Compressor and its Air Intake shown in Fig. 3lb

and are both

Compressor

than the TMP Cart noise at and above 250}{2. Below 250Hz,the

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

TMP system. There is some uncertainty about this equipment's source levels because the

actual equi was not available for measurements, however, the values used are

believed to conselvatlve..

b. Corner Station Receptor ID lb: 5 m north of

HAM-7 - The calculated noise level results (Figs. 3lc and d) are

similar to for Receptor lb, with only the TMP Cart and Vent and Purge Compressor

operations ing to exceedances of the noise criterion. The noise level from the TMP

Backing alone is shown in Fig. 3ld and it is found not to contribute to the

exceedance.

c. Corner Station Receptor ID le: BSC-7 - The calculated noise

on (Fig. 3le) also reflect the dominance by operations of the TMP and

Vent and 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

is location increases the noise levels at and above 250Hzby about 10 dB

levels at this

TMP Cart to

in all octave compared to the other Corner Station receptors discussed above. At

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

and Purge

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

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

occurs only at and above 250Hzand is due solely to noise fromof the noise
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intermittent

Receptors la

this location

7 dB higher

TMP Cart.

equipment are

conditions

ofthe Corner

modifications

recommended

several minor

Equipment

on the

Cart operations. The same noise levels are anticipated for both

1b.

f. End Station Receptor ID 2a and Mid Station Receptor ID 2:

Manifold Section A-7 - Results are presented in Fig. 32b. For

calculated noise levels during intermiffent TMP Cart operation are about

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

. Conclusions

The calculated noise levels from the vacuum pumps and auxiliary

to meet the project noise criterion ofNC-2O during operational

during intermittent operations of the turbo pump carts and, in the case

ions, when the vent and purge compressor is in operation. Minor

clarification of the construction details of the VSEA envelopes are

help achieve the favorable results.

Comments on Drawings

The drawing package dated 12 July 1996 has been reviewed and

and additions affecting the isolation of Vacuum Support

from the Laser Vacuum Equipment Areas are recommended. If the

are not incorporated they may affect the predicted noise levels.

a. Corner Station VSEA Partition

(DWGS: WA-A-505, -161, -28) - Change Type 1l/Hl partition

ical Equipment Room tI\GRl side to Type l5lHl [2 layers of 5/8 in.

t.

43
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required in the

preferable.

numbered on

A-426 shows

Preferred

such as P

b. Mid and End Station Partitions

(DWGS: WA-A-2OL, -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

drawings as 2l0C Midl, 310C [End], and 1068 [Corner]. Detail l1 on

basic drop seal for the bottom edge, however, no seals for the head and

jambs are i

The for head, jambs, and threshold should incorporate pennanently soft

elastomers su as neoprene, silicone rubber, or EPDM; PVC material is not acceptable.

Products for these doors include self adhesive Stanley [Series 5050, "Double-

Guard"], P fSeries S-88], Zero [Series 188], or equivalent head and jamb gaskets.

Alternatively, gaskets with canier channels are acceptable but require a sealant

between the ls and the door frame. Drop seals are maintenance prone, however, if
used they d be "heavy duty" type such as Zero 365 or 367 or Pemko 4301/RL or

4301/PKL or approved equal by Reese, National Guard Products, or Stanley.

ve 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

compression such as ZeroModel564, or equivalent. All gaskets should be

installed to in a compression of between 25 and 50 percent of the unloaded

thickness. All should continuous. Drop seals should minimize cleararrces at the

ends ofthe bar.

d. Seals Around Penetrations - There is no complete drawn

description or note regarding the seals required around all structural, duct, pipe,

of the VSEAA4ER partitions. These seals must be continuousand conduit
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and include

backer

Seals

between the

LVEA's for

553, Section

permit easy

Putty" by

suggested.

closure

correspondin

includes a

important

sufficiently

king on both sides of the partition. Various commercially available

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

f this sort are also required around the pipes, cables, and other connections

acuum Support equipment components and the Vacuum equipment in the

ich openings are being provided; see e.g. DWG A-251, Section D and A-

Due to possible changes in these connections the sealing system should

ing and resealing. Use of mastics, for example, FSP 1000 "Firestop

I Protective Coatings Cotp., 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

elastomeric insert or fibrous fill stuffed in all openings. It is

all rib openings be sealed completely and involve a filler material which is

to prevent excessive sound penetration.
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Pump

fO.celerometers

Accelerometers

 

t- Franse

5 Hz Mount

Fig. 4a - Turbomolecular Pump Vibration Test

(or Rigid)



Fig. 4b - Photograph of Turbomolecular Pump

5B



oo
tr
o
f{
+J
(o

a
o

.r{
{J

t{g
.F{

g
NE

85d
- ()rd

CF{oa:foo0lEEtLE
oI
lr
F)
H
I

U
-r

a

trt.r{
Ft

ooo

O

o\o
I

oooorq
(zH /zB rl'gp) uoltDraPc?Y

O
$

59

ioc
=o
o)
.Yo
(U
m

oo
:foa



o
d
tr
#
o
tr

.Fl
+J
G
H!

.Fl

A
EFfi- F,

5e H
F{ ()c

COoo
JgB
LL'Q

l.lt
H
I

trrl
a

tn

B{

o
$

I

o
C\l

I

o
c{

o.f,
(zH /zB l' gp) uolpralac?y

60

Ec
=I
o)
-Yo
(u

ao



Fig. 5a - Photograph of Large Ion Purnp

51



UI
tr
o
+J
d
t{
!

P{
a
a
A

NoIs
OvO
Ft

(Jar
-v hoY' a
-t 

ilI'i
ril

!
rfr

I

o
.F{

fr,t

o(rl
I

O.+
I

o
ca

I

oc!
t

(zH / zB rl' gp) uouDrala?cf

o
I

62

Ec3o
o,

.!zo
(U
m

o()
=o
ct)



tr
o
#
d
tl

t{
a!v

r{
r{
l.r

t{
{J
trAAN(i

OJ.ovaFIAF
-Fl
OF

ts
JAct;ot-

| | r-1.
r+
d
Eo
I

,rg

o
?..

OOTYOO
F{ (\I

tl

(zH lzB rl'. gp) uol7otapcty

63

Ec5o
otllo
(Uo

o()
foa



c
o
.tJ
d
tr3

A
E

n-PI.i\/J(8a !
-ct{ O ,.tv

JA xF!
LLF

I

a

01

oc\o
ca

o
$o

f-
O\o

O\n

(zH I zB rI' gp) uoltoraPccY

64

Ec
:f
o
(')
.Y
C)
$
dl

oo
:lo

CN

o
oo



o
c
ov .F

Y rtt

=rd t{
A-.r{

E
q)

+J
o
?n

NO-rcn3H
oAE'oc,tl
-OEJd(t

o+JL6
tL OJ

I

co

a

U,'.ri
B{

o
I

o
c\l

o
ca

O
.<rr

(zH /rB rl' gp) uoltarapccy

65



Cambrigde Associates, Inc.

63 125 250 5oo 1k 2k 4k 8k

Oc{ave Band Center FrequencY, Hz

80

70

60

50

40

30

20

10

t!o
c,
a0
L
e(,
E
oN
G,

@E
d

VACUUM EQUIPMENT SOURCE LA/EL
Turbomolecular Pump + Controll er @3 ft fl-est 25SEP96]

r EQUIPMEI'IT "ON"

e EQUIPMENT'OFF



VACUUM EQUIPMENT SOURCE LEVEL

Large lon PumP @ 3 ft $est 27SEP96]

125 250 5oo 1k 2k

Oc{ave Band Center FrequencY, Hz

70

60
6
C)a
a!
o-gs0
o
Eo(\
9ao
cIl!t
d,

30

20

31.5

2041L|ON

r EQUIPMENT "ON"

o EQUIPMENT "OFFI



8k4k63 121 250 500 .1k 
^Oclave Band Center FrequencY, Hz

Fig. 10b

6B



Fig. 11
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fig. 2L - Source-Path Interaction
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Cambridge Associates, Inc.

rig. 31a

L29

1 63 125 25A 500 lk 2k 4k 8k

Octave Band Center Frequency, Hz

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION

Noise Level in LVEA - Recelver 1a: 5m South of HAIWI

I TMBP'S,TMP'S,V&P OFF E NC-20 D€{*tn @d

O TMBP's,TMP's,V&P ON I TMBP's+TMFs only ON



Cambridge Acoustical , lnc.

Fig. 31b
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1 63 125 250 500 1k 2k 4k 8k

Octave Band Center Frequency, Hz

LIGO PROJECT/ VACUUM SYSTEMAIRBORNE NOISE/WA CORNER STATION

Noise Level in LVEA - Receiver 1a: 5m South of FlAlvl-l

I V&P lntake air only

9 V&P Compressormly

  V&P Cornpr€ssor + Intake Air mV

E NC-20 Design Goal

e TMPs + TMBFsonly
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63 125 250 500 1k 2k 4k 8k
Octave Band Center Frequency, Hz

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE /WA CORNER STATION

Noise Levelin LVEA- Receiver 1b:5m North of HA[,]-7

I TMP,TMBP,V&P'ON' E NC-20 Design Gel

O TMP, TMBP, V&P "OFT E V&P.ON, TMP+TMBP,OFFF

/\ TMP, TMBP'ON', V&P'OFF',
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Fig. 3l-d

L32

63 125 250 500 lk 2k 4k 8k
Octave Band Center Frequency, Hz

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE /WA CORNER STATION

Nolse Level in LVEA - Receiver 1b: 5m North of HAfvl-7

I TMPBP "ON', TMP+V&P "OFF" A TMP+TMBP'ON', V&P "OFF'

O ruP+TMBP+V&P'OFF E NC-20 Design Crel
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Octave Band Center Frequency, Hz

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION

Noise Level in LVEA - Receiver 3d at TMP nozle ot CP-2

I TMP+TMBP+V&P.ON"

O TMP+TMBP "OFF., V&P "OFF"

A TMP+TMBP'ON',V&P'OFF.

E NC-20 DesQn Goal
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Fig. 31f
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Octave Band Center Frequency, Hz

LIGO PROJECT / VACUUM SYSTEM AIRBORNE NOISE / WA CORNER STATION

Noise Level in LVEA - Recelver 1e on BSG-7

T TMP+TMBP+V&P.ON,.

O TMP+TMBP "OFF. V&P'OFF'

A TMP+TMBP "ON',V&P'OFr

B NC-20 Design Goal
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63 125 250 500 1k 2k 4k 8k
Octave Band Center Frequency, Hz

LIGO PROJECT/ VACUUM SYSTEMAIRBORNE NOISE/WA END STATIONS

Noise Level in LVEA - Receiver 1a I 1b: at BSC-9 Nozzels

r TMP + TMBP'ON'

O TMP + TMBP.OFF.

A NG20 tlex*ln Goal
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LIGO PROJECT/ VACUUM SYSTEMAIRBORNE NOISE/WA END STATIONS
Nolse Level in LVEA - Receiver 2a: at Manifold Section A-7

63 125 250 500 1k 2k 4k 8k
Octave Band Center Frequency, Hz

I TMP + TMBP'ON'

OTMP +TMBP"OFF'

A NC-20 Deslgn coal


