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            PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 1, 031001 (1998) Ground vibration measurements for Fermilab future collider projects B. Baklakov, T. Bolshakov, A. Chupyra, A. Erokhin, P. Lebedev, V. Parkhomchuk, and Sh. Singatulin Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia J. Lach and V. Shiltsev* Fermi National Accelerator Laboratory, Batavia, Illinois 60510 (Received 28 April 1998; published 13 July 1998) This article presents results of wideband seismic measurements at the Fermilab site, namely, in the tunnel of the Tevatron and on the surface nearby, as well as in two deep tunnels in the Illinois dolomite, thought to be a possible geological environment of the Fermilab future accelerators. [S1098-4402(98)00009-3] PACS numbers: 41.75.–i, 29.27.–a, 91.30.Dk I. INTRODUCTION Ground motion can cause significant deterioration of large future collider operation, due to the vibration of numerous focusing magnets leading to beam emittance growth and beam orbit oscillations. Recently, a series of alignment and vibration studies concerning the stability of future accelerator facilities such as photon and meson fac- tories, future linear e 1 e 2 colliders, and hadron supercol- liders has been carried out (see, e.g., reviews [1,2] and references therein). There are several future collider projects under consideration at Fermilab, including muon collider (MC) [3], linear collider (LC), and very large hadron collider (VLHC) [4]. Although the ground mo- tion effects are different, on site data on seismic vibration are of interest for all of them. In the muon collider, where m 1 m 2 beams live just several hundred turns, vibrations of the strong final focus quadrupoles will lead to off-center collisions at the interaction point. This is of concern because of the very small transverse beam size (,3 mm). Similar effects exist in the linear collider, too; here, all quadrupoles in two linacs can contribute. It makes toler- ances on differential quadrupoles motion more stringent. At low frequency the beam can be used in a feedback loop to keep the bunches colliding by using steering mag- nets, but at frequencies greater than about 1y20th of the linac repetition frequency, this becomes very difficult. In addition, depending on the beam parameters, nonstraight beam trajectory distorted by displaced quadrupoles may lead to an increase of the transverse emittance during acceleration. Besides concerns about orbit stability, operation of large hadron colliders is a potential subject of transverse *Corresponding author. Also at Budker INP, Novosibirsk 630090, Russia. emittance growth due to fast (turn-to-turn) dipole angu- lar kicks du › s q yF produced by the fast motion of quadrupoles. The emittance growth rate [5] is de N ydt › s1y2dgN q f 2 0 bS du sDnf 0 d , (1) where f 0 is the revolution frequency, g is the relativistic factor, Dn is a fractional part of tune, S du s f d is the power spectrum density of kick at a quadrupole du, F is the focal length of the quadrupole, N q is a total number of quadrupole focusing magnets, and b is the mean beta function. Larger accelerator ring circumference leads to smaller revolution frequency, and, e.g., for the VLHC, 90–230 Hz vibrations are of particular concern as they resonate with the beam betatron frequency Dnf 0 . For example, for a white seismic noise with rms value of magnet vibrations s q , one gets de N ydt .s1y2df 0 g bN q ss q yFd 2 . (2) If one requires the emittance increase during the lumi- nosity lifetime t L to be less than 10% of the initial emit- tance e N , the resulting limit on the turn-by-turn ground noise amplitude is extremely small, approximately a few atomic sizes. Table I shows the main parameters of the three collider projects and their tolerances on low frequency vibrations taken from [2,6,7]. The comparison of the amplitude tolerances s q with the results of measurements worldwide (see Sec. V below) shows that for all these colliders the ground vibrations may lead to severe consequences. This article is devoted to ground motion measure- ments that were carried out in August–October 1997 and covered almost five decades in frequency from 0.01 to 450 Hz. In Sec. II we briefly describe the seismic probes we used and our procedures and data acquisition system. In Sec. III we present results of surface measurements at Fermilab. Deep tunnel measurement results are presented in Sec. IV. Finally, a brief overview and conclusions are given in Sec. V. 1098-4402y 98y 1(3) y031001(11)$15.00 © 1998 The American Physical Society 031001-1 
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 Ground vibration measurements for Fermilab future collider projects
 B. Baklakov, T. Bolshakov, A. Chupyra, A. Erokhin, P. Lebedev, V. Parkhomchuk, and Sh. SingBudker Institute of Nuclear Physics, Novosibirsk 630090, Russia
 J. Lach and V. Shiltsev*Fermi National Accelerator Laboratory, Batavia, Illinois 60510
 (Received 28 April 1998; published 13 July 1998)
 This article presents results of wideband seismic measurements at the Fermilab site, namely,the tunnel of the Tevatron and on the surface nearby, as well as in two deep tunnels in tIllinois dolomite, thought to be a possible geological environment of the Fermilab future accelerator[S1098-4402(98)00009-3]
 PACS numbers: 41.75.–i, 29.27.–a, 91.30.Dk
 oonoo
 fal-anideo
 e-io
 naheer
 allleenacag
 Iniga
 rin
 ors
 sk
 u-f
 toC,ey
 of
 mi-t-dew
 ideronsdedethe
 re-and
 toestem.ts atntedre
 I. INTRODUCTION
 Ground motion can cause significant deteriorationlarge future collider operation, due to the vibrationnumerous focusing magnets leading to beam emittagrowth and beam orbit oscillations. Recently, a seriesalignment and vibration studies concerning the stabilityfuture accelerator facilities such as photon and mesontories, future lineare1e2 colliders, and hadron supercoliders has been carried out (see, e.g., reviews [1,2]references therein). There are several future collprojects under consideration at Fermilab, including mucollider (MC) [3], linear collider (LC), and very larghadron collider (VLHC) [4]. Although the ground motion effects are different, on site data on seismic vibratare of interest for all of them.
 In the muon collider, wherem1m2 beams live justseveral hundred turns, vibrations of the strong fifocus quadrupoles will lead to off-center collisions at tinteraction point. This is of concern because of the vsmall transverse beam size (,3 mm).
 Similar effects exist in the linear collider, too; here,quadrupoles in two linacs can contribute. It makes toances on differential quadrupoles motion more stringAt low frequency the beam can be used in a feedbloop to keep the bunches colliding by using steering mnets, but at frequencies greater than about 1y20th of thelinac repetition frequency, this becomes very difficult.addition, depending on the beam parameters, nonstrabeam trajectory distorted by displaced quadrupoles mlead to an increase of the transverse emittance duacceleration.
 Besides concerns about orbit stability, operationlarge hadron colliders is a potential subject of transve
 *Corresponding author. Also at Budker INP, Novosibir630090, Russia.
 1098-4402y98y1(3)y031001(11)$15.00
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 emittance growth due to fast (turn-to-turn) dipole anglar kicks du  sqyF produced by the fast motion oquadrupoles. The emittance growth rate [5] is
 deNydt  s1y2dgNqf20 bSdusDnf0d , (1)
 wheref0 is the revolution frequency,g is the relativisticfactor,Dn is a fractional part of tune,Sdusfd is the powerspectrum density of kick at a quadrupoledu, F is thefocal length of the quadrupole,Nq is a total number ofquadrupole focusing magnets, andb is the mean betafunction. Larger accelerator ring circumference leadssmaller revolution frequency, and, e.g., for the VLH90–230 Hz vibrations are of particular concern as thresonate with the beam betatron frequencyDnf0. Forexample, for a white seismic noise with rms valuemagnet vibrationssq, one gets
 deNydt . s1y2df0gbNqssqyFd2. (2)
 If one requires the emittance increase during the lunosity lifetimetL to be less than 10% of the initial emitanceeN , the resulting limit on the turn-by-turn grounnoise amplitude is extremely small, approximately a fatomic sizes.
 Table I shows the main parameters of the three collprojects and their tolerances on low frequency vibratitaken from [2,6,7]. The comparison of the amplitutolerancessq with the results of measurements worldwi(see Sec. V below) shows that for all these collidersground vibrations may lead to severe consequences.
 This article is devoted to ground motion measuments that were carried out in August–October 1997covered almost five decades in frequency from 0.01450 Hz. In Sec. II we briefly describe the seismic probwe used and our procedures and data acquisition sysIn Sec. III we present results of surface measuremenFermilab. Deep tunnel measurement results are presein Sec. IV. Finally, a brief overview and conclusions agiven in Sec. V.
 © 1998 The American Physical Society 031001-1
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 TABLE I. Future colliders: parameters and vibration tolances.
 Parameter VLHC MC LC
 Beam energyE (TeV) 50 0.25 2 0.25CircumferenceC (km) 550 1 7 8Norm. emittanceeN smm rmsd 1 50 0.05L -lifetime tL 5 h 103 turns —Collision f0 (kHz) 0.54 0.43 3 0.18f1  Dnf0 or frepy20 (Hz) 90 230 — 6Jitter limit sq at $f1 (nm rms) 0.3 100 5Measuredsq (nm rms) 0.1 50 10 1000 1 30
 II. SEISMIC PROBES AND DATA ACQUISITIONSYSTEM
 The data acquisition system used an IBM PC Pent200 computer and two seismic stations. Each staconsists of a set of probes and a data acquisition (Dmodule. The backbone of our seismic instrumentais a modified geophone of SM3-KV type, madethe collaboration of the Special Design Bureau ofInstitute of Earth Physics (Moscow) and Budker IN(Novosibirsk). The SM3-KV seismometer is a singpendulum velocity meter designed to measure (by choeither the vertical or the horizontal vibration componenthe frequency range from 0.07 to 120 Hz. Supplemedata on the ground motion were obtained with two triaxvery broad band STS-2 seismometers (StreckeisenSwitzerland) and two W-731A seismic acceleromet(Wiloxon Research, Maryland). The main parametersthese probes are presented in Table II.
 To be sure of the results of the measurements,needs to evaluate the signal-to-noise ratio of seisprobes. Figure 1 presents typical power spectral deties of the ground motion at the rather quiet deep tnel of the Tunnel and Reservoir Project (TARP) (sbelow), measured by the SM3-KV probe, and noisethe probe if its pendulum is fixed. One can see thatsignal-to-noise ratio exceeds 6 dB at low frequencyabout 0.05 Hz and at high frequency of 130–200Similar conclusions can be made from correlation msurements with two SM3-KV seismometers installed sby side. For comparison, Fig. 1 shows equivalent nodue to electronics and cables only, i.e., the probe
 031001-2
 TABLE II. Seismic probes.
 Probe SM-3KV STS-2 W-731A
 Sensitivity 0.083 Vmmys 0.0015 V
 mmys 1026 Vmmys2
 Output velocity velocity accelerationRange (Hz) 0.07 120 0.005 15 10 400Sensors 1 inductive 3 capacitive 1 piezoMass (kg) .8 13 0.5Size (cm) 24 3 17 3 14.5 23.5 diam. 3 26 6.2 diam. 3 5T ranges±Cd 210 to 645 25 to 665 0 to 640
 mn
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 FIG. 1. (Color) Power spectral densities of vertical grouvelocity measured by the SM3-KV probe in quiet conditi(upper line), the same with fixed pendulum (middle), aequivalent noise of electronics only (two lower curves).
 disconnected from the DAS module preamplifier. Twcurves correspond to the rms noise value of 0.5 nmys withsampling frequencies of 25 and 554 Hz.
 The seismic probes are connected to the stationsshort 5 m long cables. A maximum of eight analsignals can be processed by the DAS module of estation. The stations can be installed at a relatively ladistance because they are connected to the PC operboard by a single RG58 cable up to 300 m long. Usuawe supply each station with 24 V and about 1.2 A ofpower through additional coaxial cable.
 By a command from the PC, we can change gand low-pass filters of the DAS module amplifiers asampling frequency. To suppress a frequency “aliasiusual for digital Fourier transformation, we use analogorder Butterworth low-pass filters with 3 dB frequenciof 2, 20, 200, and 2000 Hz. Gain can be changed fromto 30. Sample frequencies vary from 2 to 700–900 Hz
 The software to process data delivered to the PC option board is written on C++ for Windows’95. It provideaccess to DAS module sample frequency, filter, and g
 031001-2
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 for each channel. Probe signals and spectra cadisplayed on the PC monitor on-line and/or stored ohard disk.
 For any pair of the stationary random processesxstdand ystd, the correlation spectrumSxysfd is defined as alimit T ! ` of
 Sxy 2T
 Z T
 0xstdeivt dt
 Z T
 0ystde2ivt dt , (3)
 whereT is the time of measurement andv  2pf is thefrequency. Power spectral density (PSD)Sxsfd of signalxstd is equal toSxxsfd. Normalized correlation spectru(which we quote below) is defined as
 Cxysfd kSxylq
 kSxxl kSyyl, (4)
 wherek. . .l means an averaging over a series of measments with finiteT .
 By definition, Cxysfd is a complex function. Thmodulus of the correlationjCsfdxyj is the coherencof two signals at frequencyf, 0 # jCsfdxyj # 1. Forexample, if Cxysfd  0 then the Fourier componenof the signals are not related, i.e., the phase differebetween them varies in time.
 During our measurements we used 1024-pointFourier transformation (FFT) of data from 16 channof both stations to calculate the PSDsS1···16sfd and thecorrelation spectra matrixCxysfd. To reduce statisticaerrors in the spectra estimate, we averaged the spectto several hundred times.
 Figure 2 shows a typical setup configuration usedmeasurements in the Tevatron tunnel. Here, SM3 areSM3-KV probes (V-vertical and H-horizontal), piezothe piezoaccelerometer, BPM and BLM are beam posmonitor and beam loss monitor, respectively.
 III. MEASUREMENTS AT FERMILAB
 Initial measurements and tests of seismic equipmhave been carried out on the surface at the E4 loca
 IBM PC/AT
 110V60Hz
 sm3v
 sm3v
 sm3v
 sm3v
 sm3h
 sm3hsm3h
 piezo piezo
 Tevatron quadrupole BPM BLM
 sm3
 station #0
 station #1
 296 m
 MR magnet (F21) MR magnet (F11)
 proton beam
 ADCs,
 F0 Building
 ADCs,
 powerpower
 FIG. 2. Measurements in the main ring tunnel. The Tevaring is located under the main ring magnets.
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 (building E4R, southwest corner of the Fermilab mring) near the Tevatron radiofrequency (RF) building.characterize the general seismic conditions at the pof the measurements, we made a long time run w5 Hz sampling frequency and 2 Hz low-pass filter. Tsampling frequency was limited by the computer hard dcapacity (higher rates lead to excessive memory neefor the same time record). Figure 3 presents the reof the maximum vertical ground velocity amplitude intwo-and-a-half-day time scale. One can see a signifiincrease of the signal from 7:30 a.m. to 2:00 p.m.Saturday, September 6, 1997, due to construction activat the Fermilab main injector, traffic noise, and operatof equipment within a few kilometers from the detectIt is interesting to note a drop of activity at lunch tim(about 11:00 a.m.). Saturday afternoon and Sundayseismically quiet with the amplitude some 10 times lthan that at working time. Operations resumed Monmorning at 7:00 a.m.
 Figure 4 illustrates ground motion under quiet contions at E4R. It shows signals of two SM3-KV geophonseparated by 32 m on the night of September 17, 199
 Both signals are similar and 5–7 s period oscillatioare clearly seen. It is well known that this “7 s hum”microseismic waves with some dozens of kilometerswavelength is produced at the nearest coasts and cadetected almost everywhere on the Earth. The coherspectrum of these two signals is equal to 1 in a frequerange from 0.1 to 1 Hz.
 At the working day time (7 a.m.–5 p.m.), humactivity leads to significant increase of the vibratiamplitudes in the range of 2–100 Hz. Because of thhigh frequency components, the probe signals looka white random noise. Consequently, the microseiswaves are not seen.
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 FIG. 3. Saturday, September 6–Monday, September 8, 1record of maximum vertical ground velocity at the E4building.
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 FIG. 4. (Color) Signals from two vertical SM3-KV geophonseparated by 32 m (measured at night on September 17 an1997 on the E4R building floor).
 Figure 5 presents the distribution of the displament amplitudes of horizontal ground vibrations at E4Because the SM3-KV probe sensitivity falls down at priods longer than 10 s, we divided a many-hours-lorecord of the ground motion signal (started at 3:00 pWednesday, September 10) into 10 s intervals andculated the amplitude of displacement in each inteby means of integration of the velocity signal. The dtribution of those amplitudes is flat up to0.2 0.3 mm;for larger amplitudes it rapidly goes down. The distribtion function is non-Gaussian. One can fit the probabdensity of the displacement at the E4R building by
 0.01 0.1 1 10
 Displacement over 10 sec, micron
 1
 10
 100
 1000
 No.
 of e
 vent
 s
 Horizontal
 10 Sept. 97
 Fit
 FIG. 5. (Color) Distribution of horizontal ground displacemeover 10 s intervals.
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 function
 dWydx øconst
 aminf1 1 sxyamind2gay2 . (5)
 For the horizontal amplitude in Fig. 5, one has consø1, amin ø 0.4 mm, anda ø 2.7. Corresponding probability that over a 10 s interval the displacement will occwith amplitude more thanx ¿ amin is equal to
 W øconst
 a 2 1
 µamin
 x
 ∂a21
 . (6)
 Such a distribution can be very useful for the detmination of parameters of the feedback system to conthe closed orbit in accelerators. The distribution can hto estimate the probability of very large relative displaments of the magnets. Using only rms values withknowledge of the distribution, one cannot predict thlarge amplitude events.
 The vibration measurements in the Tevatron tunhave been done at Sector F11 (not far from the TevaRF station and the E4R building) and Sector F21, so300 m apart. The computer was located on the surin the F0 building. Seven SM3-KV probes (four verticand three horizontal) and two vertical piezoacceleromewere used. The layout of the experiment is shownFig. 2.
 Station 0 is placed at a distance 296 m from statioThe station 0 digitizes the signals from one vertical aone horizontal SM3-KV probe on the floor of the tunnat F21 and from vertically oriented piezoacceleromeand vertical and horizontal SM3-KV geophones onTevatron quadrupole magnet.
 Station 1 digitizes the signals from four SM3-Kgeophones (vertical and horizontal on the quadrupmagnet at F11 and vertical and horizontal on the tunfloor nearby), one piezoaccelerometer placed on the smagnet, and, additionally, from a beam position monand a beam loss monitor.
 Recording vibration signals in the Tevatron tunnel w5 Hz sampling frequency, we observed little day–nivariation of the maximum tunnel floor motion amplitudFigure 6 presents the maximum vibration ampliturecorded from 3:30 p.m. September 3, 1997 until ab7:30 a.m. the next day (compare it to similar Fig. 3E4R site).
 PSDs of vibrations of the F11 magnet, the tunnel floand at the E4R site are compared in Fig. 7. They aremost the same at frequencies of 5–30 Hz. At frequenbelow 5 Hz and above 30 Hz, the magnet PSD is 10–times that of the floor. The “microseismic waves” demostrate themselves as a broad peak near 0.2 Hz in thespectrum. One can also see that below 5 Hz and a20 Hz the vibration amplitude at the tunnel is higher thon the surface at night. Supposedly, at high frequencieamplitude is higher due to the technical equipment (ter and helium pipes, power cables, magnets themse
 031001-4
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 FIG. 6. Vibration amplitudes in the tunnel of the Tevatrover 16 h starting 3:30 p.m. September 3, 1997. The mainand the Tevatron ring are operating.
 etc.) in operation inside the tunnel. At frequencies aro1 Hz and lower, the main contribution is possibly duestrong mechanical distortions of the magnets duringmain ring acceleration cycle (about 3 s) and the Tevaacceleration cycle (about 60 s in fixed target operation
 Figure 8 presents results of the coherence measments. As seen, the correlation between two vert
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 FIG. 7. (Color) Power spectral densities of vertical vibratioof the Tevatron quadrupole magnet (upper curve), the mring tunnel floor, and on the surface at E4 (lower curve).
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 SM3-KV is very close to one in the frequency range fro0.1 to 100 Hz when the probes are placed in the Ebuilding side by side. At the distance of 62 m the cherence is near 1 only at microseismic and around 0.8peaks, then it rapidly falls to 0 at 50–100 Hz. For coparison, we present coherence of the Tevatron floor vecal motion measured with two SM3-KV probes separaby 296 m. The coherence is practically zero for all frquencies higher than 0.3 Hz. Except technological nofrequencies, the coherence tends to decrease very fastan increase of the distance between probes.
 The coherence spectra between the beam orbit andmagnet and between the beam orbit and the tunnel flmotion are presented in Fig. 9. One can see thatorbit correlates well with the floor only at low frequenc0.1 Hz, while some excessive but small coherence exat 2–4 Hz. The beam orbit correlates with the quadrupmagnet motion at frequencies of 0.2–2 Hz. One possorigin of such coherence may be related to the 3accelerating cycle of the main ring, which mechanicaaffects closely located Tevatron magnets and produceimpact on the Tevatron beam via stray magnetic fieldsharmonics of 1y3 Hz.
 The closed orbit distortions are caused by the displaments of all magnetic elements along the circumfereof the Tevatron. The strong coherence between the mnet and beam vibrations means that there is a commsource of vibration along the whole accelerator ring. Fexample, several remarkable peaks in the orbit–magcoherence occur at 4.6, 9.2, 13.8 Hz, etc., at the Felab site specific frequencies caused by the Central HelLiquefier plant operation [8].
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 FIG. 8. (Color) Coherence of vertical ground motion signmeasured by probes 0 and 62 m apart in E4R and 296 m ain the Tevatron tunnel.
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 IV. MEASUREMENTS IN DEEP TUNNELS
 Specific locations for possible Fermilab future collidehave not yet been chosen. There is also no defirequirement to be located within the Fermilab NatioAccelerator Laboratory site. For the purposes of radiasafety and tunnel stability, deep tunnels in the Illindolomite layer are alternative. This several-hundred-fthick layer is considered as moderately hard and staDetails of the Illinois geology can be found elsewhere
 We studied seismic vibrations at two points of tIllinois dolomite layer. The first is a 250 ft deep min(Conco Mine-Western Stone Co., North Aurora, IL; ab500 ft above sea level) located about 5 miles northwesFermilab. We carried out measurements there Octobe6, 1997. We refer to this data as “Aurora.”
 The second location is a 300 ft deep tunnel ofMetropolitan Water Reclamation District of GreatChicago (MWRDGC) about 30 miles east of Fermilin the Chicago suburb of Hodgkins, IL. It is ne(,0.5 mile) an active interstate highway (I-55) and veclose to a stone quarry. The tunnel was constructedpart of the TARP of the MWRDGC. Our measuremethere took nine days, October 8–17, 1997.
 Despite restricted access to both tunnels (due to bing and stone production in the Aurora mine and theeration schedule of the pumps of the MWRDGC), dacquisition was almost continuous, except for occasiofew-hour periods for the data control, primary analysand relocation of the seismic probes for various expments, e.g., for correlation measurements at diffedistances.
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 FIG. 10. Maximum ground velocity in the Aurora mine.
 Figures 10 and 11 show long-term records of the mamum velocity detected in Aurora and TARP, respectiveBoth are made with 10 Hz sampling frequency and 2low-pass filters. One can see that the amplitude wasmost constant in the Aurora mine from noon on Satday, October 4 until Monday morning, October 6. Tmain component of the signal is due to the microseiswaves and shows slight variations. Contribution of mmade noises was small because of the depth of the mlow-pass filtering, and quiet weekend time when no poerful machinery worked in the mine. The lone peakthe Aurora mine record at about 10 p.m. on Octobe
 FIG. 11. Maximum ground velocity in the TARP shaft.
 031001-6

Page 7
                        
                        

PRST-AB 1 GROUND VIBRATION MEASUREMENTS FOR FERMILAB FUTURE COLLIDER … 031001 (1998)
 e
 owngbo. thavveakele
 1etnd
 at
 ce5–u
 fc
 eathe
 ain
 axit
 th1
 onetc
 eaarero
 p.m
 overandm-es).ec-
 toz),z).ctra
 by
 testaksHzersin
 theoveineorebleruminglly,eakswe
 the
 e,
 appeared when a superintendent of the mine camcheck the equipment and passed nearby.
 In contrast, the record made in the TARP shaft shsignificant variations over several days. First, two lolasting and significant perturbations are seen at a5 a.m. on October 14, 1997, and at about 8:15 p.msame day. They are identified as 20–40 s period wfrom powerful distant earthquakes: a magnitude 6.5 ein the Fiji island region and a magnitude 6.8 earthqunear the coast of central Chile. These waves travabout 20–30 min before reaching Chicago. Figuredemonstrates the second of the earthquakes in more dIt is a long-lasting (few hours) series of primary asecondary waves and aftershocks. One can see thground motion amplitude is of the order of10 25 mm.
 Blasting in the quarry near the TARP shaft produshort (about 1 min long) pulses of high-frequency (15 Hz) waves with relatively small amplitudes of abo0.1 mm or about4 mmys maximum velocity. Two othese events are seen in Fig. 11 at about 4:00 p.m. on Ober 16 and at 1:40 p.m. on October 18. Other short pin Fig. 11 are probably due to man-made activity inTARP shaft (from time to time workers went down onheavy elevator and worked near our detectors). It isteresting to note that the background level of the mmum ground velocity in Fig. 11 varies substantially—is much larger on Monday, October 13 and smaller inevening of Friday, October 17 and Saturday, OctoberWe think the reason can be residual excitation fromsurface sources (highways, roads, quarry operation,which are usually less active on weekends.
 Power spectral densities of the ground velocities msured in the Aurora mine and in the TARP shaftpresented in Fig. 13 in comparison with the Tevat
 FIG. 12. Earthquake waves. Record starts at 7:45October 14, 1997.
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 quadrupole magnet vibration PSD. These spectra cfive decades of frequency band from 0.005 to 280 Hzare obtained with different probes and with different sapling rates (besides different places and different timFor example, the TARP curve (solid line) consists of sptra measured by the STS-2 vertical probe (from 0.0050.1 Hz), by the SM3-KV geophone (from 0.1 to 120 Hand by the Wiloxon piezoprobe (from 120 to 280 HThe Aurora data (dashed line) show no vibration speabove 120 Hz—the motion is too small to be detectedthe piezoaccelerometers.
 One can see that the Aurora mine is the quieplace of the three. Some technologically related peare seen in the Aurora PSD only in the 60–120range. We believe that it is due to lighting transformin the tunnel. Below 0.5 Hz the spectral densitythe Aurora mine and in the TARP tunnel are aboutsame and are mainly due to microseismic waves. Ab2 Hz, the TARP PSD is 20–800 times the Aurora mPSD. A noisier environment on the surface and mtechnological equipment in the tunnel itself are probareasons for two very broad peaks in the TARP spectat 5 Hz and around 25 Hz, respectively (as dampdecrement of the ground grows with frequency). Finathe Tevatron quadrupole spectrum consists of many p(4.6, 9.2, 20, 60 Hz, etc.) and is much noisier (asdiscussed above, due to the Tevatron equipment) thanothers above 10 Hz.
 Integration of these spectra accordingly to
 sxsfd Z `
 fSxsfd df 
 Z `
 fSysfd
 dfs2pfd2 (7)
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 FIG. 13. (Color) Spectra of ground motion in the Aurora minthe TARP tunnel, and the Tevatron magnet vibrations
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 FIG. 14. Integrated rms ground motion amplitude.
 [here Sysfd is the PSD of velocity andSxsfd Sysfdyv2 is the PSD of displacement] gives us the ramplitudes of vibrations presented in Fig. 14. Onesee that the amplitudes in the deep tunnels are a0.3 mm at frequencies,0.5 Hz and below, while abov100 Hz they are less than0.1 nm  1024 mm. Motionof the quadrupole is several times larger.
 Many figures presented in this paper refer to vertground motion. In fact, the forces in the ground are mstronger than the gravity and, in principle, there mbe no significant difference between the vertical andhorizontal ground noises. Figure 15 presents the speof the vertical and horizontal movements in the TARshaft. They are rather similar and the PSDs are the swithin a factor of 3–5 over the wide frequency range0.06–100 Hz.
 Figure 16 shows real and imaginary parts ofcorrelation spectrumCx1x2 sfd of signals from two verticaSM3-KV geophones placed 75 m apart in the TARP shEach of the curves is an average over 200 measurem
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 FIG. 15. (Color) Comparison of vertical and horizontal groumotion spectra. TARP measurements.
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 that gives an estimate of the statistical error of ab0.1. The first remarkable feature of the data is thafrequencies below 100 Hz the real part is much larger tthe imaginary one. The latter is almost 0 below 10 Hwhile the real part performs some damped oscillatiwith the frequency increase. Such a behavior is closthe prediction of the model in which the vibration sourcare uniformly and continuously distributed over grousurface and generate waves at all frequencies withoutphase correlation; see, e.g., [6]. Under these assumptthe correlation spectrum between signals detected inpointsL meters apart is equal to
 ReCsfd  J0f2pLfyysfdg, Im Csfd  0 , (8)
 where ysfd is the wave propagation velocity anJ0sxd is the 0th order Bessel function. In Fig. 16 wpresent the fitting curves with parametersL  75 m andysfd fmysg  3800 2 4f fHzg.
 The spectra of coherence, i.e.,jCsfdj, between two ver-tical SM3-KV geophones in the TARP tunnel separaby 8, 21, 43, and 75 m are presented in Fig. 17.
 One can make the general conclusion that the cohergoes down not only with increase of the frequencyf butwith increase of the distance between two points as wIn particular, the tunnel vibrations of two points 75apart at frequencies of 90–230 Hz can be considereuncorrelated since the coherence is small. Note that alocal ac power frequency of 60 Hz, the coherence is hdue to powerful and correlated noise contribution.
 V. DISCUSSION AND CONCLUSION
 We can now compare measured ground vibratiwith the Fermilab future collider requirements outlined
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 FIG. 16. (Color) Real and imaginary parts of correlation spemeasured in the TARP shaft at a distance of 75 m betwprobes and fit accordingly to the random source model.
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 FIG. 17. (Color) Coherence of the ground motion vs distanTARP measurements.
 Table I. Figure 18 presents integrated vibration amtudes in the Aurora mine and on top of the Tevatquadrupole. Other curves are for the tolerances: forX-band linear collider it is the ground motion which caus1.5% luminosity degradation accordingly to Ref. [6]. Wwould like to emphasize that the tolerances for otthan the X-band LCs can be much less stringent if larbunch spacing allows one to implement a bunch-by-butrajectory correction feedback system. The muon collrequirement is presented by the rms amplitude of focumagnets that leads to beams separation of about 10the rms beam size at the interaction point. The VLtolerance consists of two parts [7]. At frequencies be
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 FIG. 18. (Color) Comparison of the measured groundquadrupole vibration amplitudes with tolerances for the mcollider, X-band linear collider, and the VLHC.
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 10 Hz the curve shows the vibration amplitude that cauthe beam orbit vibration amplitude about 10% of trms beam size. Above 90 Hz the line correspondsrequirements on the rms transverse emittance growththan 0.1 pmm ? mrady5 h without (solid line) and withfeedback systems to damp excited betatron oscillat(dashed line; feedback allows one to ease the gromotion tolerances some 10 times or more dependingthe beam parameters [5]). One can see that the Aumine amplitudes are below all the tolerances, althoclose to the VLHC ones around 90–120 Hz. In contravibrations of the Tevatron quadrupole are potentially vdangerous for all three machines at frequencies be20–60 Hz (orders of magnitude excess), and several tiabove the VLHC requirement above 70 Hz.
 Figure 19 shows the results of the emittance grosimulations for the VLHC. They were made under tassumption that movements of all 2200 quadrupolesthe collider are independent. The beam is representesome hundred macroparticles oscillating in the focuslattice with somewhat different frequencies aroundmean tune ofn  0.265. The motion of the quadrupolmagnets is taken from a file with a real record of grouvibrations made with a sampling frequency equal toVLHC revolution frequency of 554 Hz (see details of tmethod in Ref. [10]).
 Figure 19 shows the evolution of the emittance increwith two 10 min long files with motion of the Tevatroquadrupole magnet (upper curve) and vibrations ofAurora mine (lower curve). The emittance growth racorresponding to the Tevatron quadrupole curve is ab1.2p mm ? mrady5 h, or, equivalently, it is more thadouble that of the initial emittance of1p mm ? mradover the beam lifetime. The emittance growth rate unthe conditions of the Aurora mine will be as low0.04p mm ? mrady5 h, i.e., 4% of the initial emittanceover the same 5 h.
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 FIG. 19. (Color) The VLHC emittance growth simulations witwo data inputs: Tevatron quadrupole vibrations (upper liand the Aurora mine tunnel (lower line) vibrations as input.
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 We have to note that, in general, acceleratorsrelatively “noisy” sites because of their technical noisWe compare our data with previous measurementaccelerator facilities in Fig. 20. It presents the PSDsground velocitySysfd  Sxsfds2pfd2 measured in theAurora mine (marked as FNAL) and in the tunnels ofSLC (SLAC) [6], HERA [11], KEK [12], LEP (CERN)[13], and the so-called “New Low Noise Model” [14]—a minimum of geophysical observations worldwide. Ocan see that the PSDs measured at accelerators areabove the “low-noise” spectrum. At the same timvibrations in HERA, which is located under the populaarea in the city of Hamburg, are somewhat larger thathe other tunnels.
 Finally, we summarize the results of our studies.(a) Ground vibrations have been measured at the FN
 site and in deep tunnels outside in wide frequency bfrom a few hundredths of a hertz to several hundred heWe have observed that vibrations above 1 Hz are waffected by cultural noises, which vary significantlytime, and also strongly depend on location and dewhile below 1 Hz the main contribution to the groumotion comes from natural sources and performs stemporal variations.
 (b) A comparison of on-surface and underground shave shown that levels of vibrations are typically smain deep tunnels. Effects due to on-surface noise souare less seen in the deep tunnels, though visible. Amtudes of horizontal and vertical vibrations are found toabout the same in the frequency band of the experime
 (c) During the daytime and on the Fermilab site, neitthe E4 building (on surface) nor the main ring tunnare quiet enough for future colliders, especially forVLHC. The ground motion at night in the main rintunnel with two accelerators under operation is not
 103
 102
 101
 100
 101
 102
 103
 Frequency, Hz
 1012
 1010
 108
 106
 104
 102
 100
 102
 104
 PS
 D, (2
 *pi*
 f)**
 2 *
 P(f
 ), [m
 icro
 n/s
 ]**2
 /Hz
 KEK(quiet)Low Noise ModelHERA(oper.)SLACCERNLEPAurora mine
 NLNM
 FIG. 20. (Color) Ground motion spectra at different accelersites and the USGS new low-noise model.
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 different from its daytime levels, while the vibratioamplitude at the E4 becomes about or less than the VLtolerance.
 (d) The maximum amplitudes are observed formotion of the Tevatron quadrupole magnets whenTevatron and the main ring accelerators were operatIt was somewhat larger than the motion of the tunfloor nearby. Careful engineering of mechanical suppoof vacuum, power, and cooling systems should beimportant part of research and development effortsdecrease the level of vibrations in any other future collid
 (e) In deep tunnels in the Illinois dolomite (Aurora minand the TARP shaft), we observed vibrations belowtolerances for all the collider projects. As the amplitudof ground vibrations are smaller at higher frequencies,propose to operate the VLHC at a higher fractional parthe tune because it concludes in higher resonance betfrequencies.
 (f) One should give proper attention at the stagethe design and construction of the large acceleratordecrease the level of technical vibration, then it canpossible to obtain vibration amplitudes 10–100 timsmaller than in the Tevatron now, and closer to wwe detected in the deep tunnels. It is necessary to ppotential sources of vibrations as far away as possfrom the accelerator ring and/or to damp vibrations at thorigin. From this point of view, it seems very usefulhave a seismic monitoring system for future colliders.
 (g) Investigations of spatial characteristics of the fground motion have shown that above 1–4 Hz the corrtion significantly drops at dozens of meters of the distabetween points. Therefore, the displacements of difent magnetic elements of the accelerator (which willspaced by hundreds of meters) can be regarded ascorrelated except for characteristic frequencies of teccal devices producing the vibrations along the whole r(electric power, water, nitrogen and helium systems, eThe model of uniformly distributed random sources sisfactorily describes the ground motion spatial correlatspectra.
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