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Tunnel Construction and Magnet Installation 
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Ion RFO OTl CCl . 
Source 428 MHz 428 MHz 1284 MHz - TolES 

0.035 MeV 2.5 MeV 100 MeV 

Fia:Uff ".1.1.2-16. l.anac block daal%ram. 



Alignment Tolerances of Accel. Components 

Ideal accelerator has all components in one 
plane with axes of magnets on design orbit. 

Allowable deviations from design orbit: 

ARCs 

Dipoles: 1 mm 

Quadrupoles: 0.5 mm 

BPM's: 0.3mm 

IRs 

Final focus quads: 0.001 mm 
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sse Laboratory Physics Research Division 

Isometric View of LSD Detector in Hall 
(WBS 2.2.1.1.1) 

We.t North Int.actlon Region IR1 Underground (WBS 2.2.1.1.1) 
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SSC Laborator 

Primary Corrector Magnet Strengths 
O·L, T·m at r = 1.00 em 

a. f o f 

b. f D f 

, .... 
Pole P C D 

Dipole 2.SO 2.'0 
Quadrupole 0.'3 0.'1 
SelllUpoie 0.13 0.09 0.21 
0caup0Ie 0.007 0.016 0.001 
DcapoIe 0.004 0.009 0.004 

Accelerator 
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Alternate Dipole Layout of 
Footprint Conftguration 
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Proton Energy 
Circumference of rings 

Protons per r .f. bunch 
Bunch spacing 
Number of bunches/ring 
Total particle energy/ring 
Emittance (RMS) 
Interaction region focal spot size 

RMS radius, (~* = 0.5 M) 

Proton-proton collision rate 

Luminosity 
Sychrotron radiation power 

sse Parameters 

20 TeV 
87 KM 
0.75 x 1010 

5 meters 
17,424 
418 megajoules 

I1t millimeter-milliradian 
5 micrometers 

60 MHz 
1 x 1033 cm-2 sec- 1 

8.75 kilowatts/ring 

TIP 01588 
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Beam Injection 
and Scrapers 
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87km 
20TeV 

LEB 
O.54km 
11 GaV 

Teat beams 

HEB 

Circumference - 10.89 
Energy - 2000 GaV 

-2TeV 

Unec 
O.l411un 
O.8GaV· 

5 Stages of Acceleration 
Linae 
LEB 
MEB 

0-0.6 GaY 
0.6-11 GaY 
11-200GaY 

HEB 200 - 2000 GaY 
Collider 2 leY - 20 leY 

Schem8tlc layout of the Injector comple .. 8 portion of the collider ring 
8nd tat beam 8r.. The daheclline indlc8tn 8 Mure bum bypass • 

. .. _ .......................... . 
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sse Accelerator 

Scope 

proton-proton collider 

20 TeV x 20 TeV 

L = l033cm-2sec·l 

injectors - with energy up to 2Te V 

up to four interaction regions 

initial set of detectors 

Laboratory & infrastructure 
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FIXED-TARGET ACCELERATOR 
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C.M. Energy: 
Energy available for initiating 
new elementary processes, 
creating new particles, and 
probing sub nuclear distances * 

Luminosity: 
Rate of Occurrence of Process 
= Probability of Process 
x Luminosity 

or 
Rate = Cross section x Luminosity 

* For Fixed-Target Operation: 
-_I' E\ = Beam Energy 

E eM - -V 2EM p Mp = Proton Mass 
,.., 0.938 Ge V 

For Colliding Beams: 
E eM = 2-J-E-1 E-2 

=2E 



sse Laboratory Goals 

Create a premier international laboratory 
for high energy physics by the year 2000. 

Create a major resource for science and 
education. 

Understand the ultimate building blocks of 
matter and the basic forces which govern 
the transformation of matter and energy. 

Understand electro-weak symmetry breaking. 

What is the origin cif mass?? 



sse ~aboratory Goals 

Create a premier international laboratory 
for high energy physics by the year 2000. 

Create a major resource for science and 
education. 

Understand the ultimate building blocks of 
matter and the basic forces which govern 
the transformation of matter and energy. 

Understand electro-weak symmetry breaking. 

What is the origin of mass?? 



SDC 
DETECTOR EXPERIMENTAL HALL 

TIM THURSTON 
sse 
11 Feb 1992 

~---------------~ 



Muon Chambers Cerenkov Counter 
Forward Toroid I 

Forward ToroId 2 

Absorbers Barrel ColorImeter 

Forward Colorimeter 

ScIntillation 
Counters 
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o ACCELERATOR CI)MPr:t*"NTS MOVEO TO STORAGE POSITION 
o INTERMEDIATE MUON CHAMBERS ON OCTANT 5 REMOvEr' 
o BRIOOES REF'LACEO 
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o CAlORIMETER SUPPORTS COMPLETED 
o BARREL MUON CHAMBER PHASE I INSTALLATION COMPLETED 
o CENTRAL CALORIMETER BEIN& LOWERED TO THE HALL FLOOR 
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VIBRATIONAL EFFECTS ON BEAM BEHAVIOR 

A General Review of Ground Motion 
Gerry Fischer (SLAC) 

Ground Motion Spectra 
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Ground Motion Effects on the SSCL 
Jack Peterson (LBL) 

Excitation of Betatron Oscillations by Vibrating 
Quadrupoles and Luminosity 
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Resulting from Ground Motion 

Dave Ritson (SLAC) 

Ground Motion Measurements at the Site 
of the Advanced Photon Source (APS) 
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3. SUMMARY OF RECOMMENDED 
GROUND MOTION TOLERANCES 

Throughout we assume that the beam centroids should not be dis

placed from each other by more than 10% of 1 sigma of their beam 

size at the interaction point. 

Below, in Table II we list our recommendations for the three cases studied: 

totally random motion, coherent motion in the plane wave approximation with an 

assumed constant wave velocity of 2.5 km/sec, and the improbable but limiting 

situation with an sse demon. The tolerances given in the first column are. 

the tolerances calculated in Section 2.1 in absence of any feedback system and 

neglecting any resonances in the magnet support structures. The effect of the 

feedback on increasing the tolerances for frequencies below 20 Hz is shown in 

column two. We have assumed the feedback system to be capable of suppressing 

the effects of noise by a factor of 10 for the frequencies below 20 Hz. For the 

first case of random noise, which comes from local sources, we have divided the 

frequency range into two bands. The resonances of the magnet support structures 

are assumed to an be above 3 Hz so that only the local noise will be amplified by 

structure resonances. It can be shown that, if the bandwidth of the noise is much 

larger than the width of a structure resonance, the rms amplitude of the magnet 

motion, ~Ym, is equal to VQ'times the rms amplitude of the ground motion, Ay" 
• 

due to the noise from all the frequencies above the structure resonance, where Q 

is the quality factor. In the third column we take into account amplification of 

the ground motion of 10 due to resonances in the magnet support structure for 

the incoherent case only. 

We have used the power spectrum (noisy station) given in Fig 1.1 and con

verted the curve into rms amplitudes in the appropriate frequency range and 

presented them in Table m. It should be noted that we have been reluctant to 

present Table m. It is feared that Table m will be misused because many of the 

readers may not fully appreciate that it refers to a hard rock site where no cul-

26 



TABLE II 

Recommended Ground Motion Tolerances 

no feedback with feedback with feedback 

rigid support rigid support with assumed support 

ampl. factor of 10 

Case I. 

Completely random < 0.4 JLm <4JLm < 0.4 JLm 

local noise: 

3Hz</<20Hz 

/ > 20 Hz < 0.4 JLm < 0.4 JLm < 0.04 JLm 

Case 2. 

Correlated by plane < 0.1 JLm < 1 JLm < 1 JLm 

waves: 

0.02 Hz< / < 3 Hz 

Case 3. 

Improbable total 

correlation at the 0.02 JLm < 0.2 JLm < 0.2 JLm 

betatron wavelength: 

TABLE III 

Expectation of rms ground amplitudes in various frequency 

bands on a hard rock site as given in Fig. 1.1 

(No cultural noise) 

Freq. Band 0.02 Hz < / < 3 Hz 3 Hz< / < 20 Hz />20Hz 

< y> rms 1 JLm .003 JLm 3 X 10-4 JLm 
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tural noise has bee~ included. Nevertheless, it was felt that the~e might be 

some readers unfamiliar with the connection between the power spectrum curve 

and the expectation value of the amplitude, so it has been included NOT AS 

A TYPICAL EXAMPLE but as an illustrative example. 

Discussion 

The reader may now well ask: "What do these numbers really mean with 

respect to ground motions one might expect from typical sites?" We conclude 

that the situation is: (a) Definitely not hope.less - an sse ean be built and 
operated. (b) Unfortunately, it appears also that the problem eannot be dismissed 
out 0/ hand. In other words one must now examine and evaluate in more detail 

the parameters that went into our assumptions in order to determine the most 

economic tradeoffs. 

We believe: 

• The effects of ground motion would become quite small if the lattice did 

not possess the focus - defocus properties of configuration (2,4)6. 

• Since the magnitude of ground motions are, among other things, a function 

of soil conditions, due care should be exercised in this matter 

• Weather and other uncontrollable natural sources and variable conditions 

introduce a range in the base levels of at least one order of magnitude. A -feedback system ought to be able to CgUDter;u;t these effects. 

• Care should be taken to avoid the introduction of coptrgllable cultural 

~oise..' since this generally occurs at higher frequencies (> 3 Hz.) Motions 

at these frequencies are more likely to be amplified by the supports and are 

more difficult to suppress with a feedback system. 

• The general design of components and civil structures should take into 

account the I!'0und motion vroblem so that the recommended values of 

column 3 of Table IT can he relaxed. 
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behind raised daytime noise levels at KIV are not obvious, since the site is fairly 
well isolated from the city. Lower time-of-day variations at OBN and GAR can be 
attributed directly to the isolating effects of the tunnel deployments . 

... ~asonal VariationS in Noise Levels 
Figure 4 shows the difference in decibels between vertical acceleration power 

levels observed at night in winter versus summer as a function of frequency. In 
most cases, seasonal variations are confined to the low end of the spectra and are 
largest near the microseism peak due to the increase in ocean storms during winter. 
GAR shows the lowest seasonal variation, about 7 dB at the microseism peak, 
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Figure 3 shows the difference in decibels of the 5-day average vertical noise~s 
observed during the day and at night in the. summer at the four IRIS/IDA sites as" 
a function of frequency. In all cases, time-of-day variations are not significant below~ 
J.8 Hz. OBN shows insignificant time-or-day variation below 2 Hz. Above this, the 
structure in the time-of-day variati~n occurs because the underlying spectral shape 
of the night noise (Fig. 2) is masked by a constant raised noise level of about 
-120 dB between 2 to 4 Hz during the day. GAR shows low time-or-day variation, 
with the increase in noise power being about 7 dB during the day above 1.5 Hz. 
Correspondingly, GAR also has the lowest absolute daytime noise levels. KIV and 
ARU show dramatic increases in daytime noise levels. At ARU, the increase in day 
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Time-at-Day Variations in High-Frequency Noise 
Figure 7 shows the time-of~day variation in vertical-component high-frequency 

noise observed in the borehole at OBN and ARU. OBN shows a factor of 2 noise 
power increase during the day from about 2 to 20 Hz. ARU has a larger increase in 
high-frequency noise during the day, about 15 dB from 3 to 80 Hz. These results 
are consistent with the levels of increase during the day on the broadband instru
ments above 1 Hz. Note that the OBN high-frequency average contained 34 samples 
taken over a 2-week period, whereas only six samples were available for the ARU 
average (Table 3). 
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much smaller daytime increase, although it also is located near a town. The borehole depths at ARU and 
OBN are 30 and 87 m, respectively~ At KlV and CHS, noise samples were not adequately distributed in 
time to allow a day-night comparison. 
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a function of frequency. In all cases, time-of-day variations are not significant below~ 
J.8 Hz. OBN shows insignificant time-of-day, variation below 2 Hz. Above this, the 
structure in the time-of-day variati~n occurs because the underlying spectral shape 
of the night noise (Fig. 2) is masked by a constant raised noise level of about 
-120 dB between 2 to 4 Hz during the day. GAR shows low time-of-day variation, 
with the increase in noise power being about 7 dB during the day above 1.5 Hz. 
Correspondingly, GAR also has the lowest absolute daytime noise levels. KIV and 
ARU show dramatic increases in daytime noise levels. At ARU, the increase in day 
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frequency (3 to 10 Hz) the superior vault construction in the Soviet Union appar
ently did not greatly affect this noise ratio. 

CONCLUSIONS 

From an analysis of several hundred surface and borehole noise samples collected 
in 1987 at three sites in Kazakhstan and 2000 samples collected from 1988 to 1989 
at three sites in the western United States, we conclude that: 

1. In general, noise levels in the 100 m deep boreholes were affected by wind 
conditions to.a much smaller degree than were the surface emplacements. . 

2. Wind did not become a noticeable source of noise at the surface emplacements 
until a minimum wind speed was reached (typically 4 to 5 m/ sec). 

3. Between 3 and 10 Hz, surface and borehole noise levels are comparable, but 
downhole noise levels are strongly reduced at higher frequencies. 

4. Between 3 and 10 Hz, surface and borehole emplacements in the western United 
States were generally quieter than those in Kazakhstan. 

5. At high frequencies, in the 10 to 80 Hz band, surface installations in the western 
United States were considerably noisier than surface installations in Kazakhstan, 
but borehole installations in both regions yielded comparable noise levels. We 
suspect that the difference in surface vault quality between the two sets of 
stations is a significant factor. In this frequency band, borehole noise was lower 
than surface noise at all stations. 
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Vibration Measurements and Analysis of 
USSR 

Accelerator Sites. 

Parkhomchuk Vasily 

Workshop on Vibrational Control and 
Dynamic Alignment 

Issues at the SSC. February 11-14,1992 

1. The results of measurement of vibration 
noise in tunnel of UNK 

2. The comparison of the power spectrum in 
different accelerators and the estimation of 
situation for the sse. 
3. The estimation of the cultural noise: 
traffic, ventilation ... 

4. The slow motion and closed orbit 
distortion 

6. Summary and recommendations for the 
future development 
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COMPARISION OF EARTHLY NOISE SPECTRUMS 
Parkhomchuk Vasily 

Workshop on Vibration Control and Dynamic 
Alignment Issues at the SSC. 02/11-14/1992 

The power spectrum of ground vibration are the basic 
information for calculation of the time degradation of machine 
luminosity and indispensable amplitude of feedback correction. 
The measurements of the power spectrum was made in many places and 
it is very interesting to have comparison of date measured in 
different condition. I am try to prepare this information for 
discussion on Workshop. In figs. was used data measured in Protvino 
in UNK tunnel /1,2/, in Novosibirsk at maximum quiet places- air-raid 
shelter, at the SSC Site /3/ and data seismostantion I am take 
from review G.E. Fisher-/4/. 

In fig.1 is show this date together with limitation on the 
power of quadruple axes vibration for normal run of SSC with and 
without feedback for suppression transverse coherent beam oscillation 
/5/. The noise in high frequency band are changeable on few 
order of magnitude. The design of tunnel and equipment have 
strong influence on amplitude of high frequency vibration. 
So for UNK tunnel easy see increasing noise in hundreds Hz 
frequency band when wave length became the same order of magnitude 
as diameter of tunnel and wave propagate along tunnel with small 
attenuation. 

The changing of spectrum in time are show fig.2 measured in 
INP (Novosibirsk) in different time. 

The fig.3. show data from SSC Site. The line 3 demonstrate the 
noise spectrum fro. report E.Daly about transportation magnet at 
time of motion the truck. 

The fig.4 show data vertical change in SSC Site. It is very 
interesting that the spectrum of displacement in noisy case 
don't depend vs. frequency up to 100 Hz. It is necessary pay 
attention the reason so slow decreasing with frequency spectral 
power for the large depth. 
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moved was near borina with leophones. The estimation calculated 
with parameters m-=500 ltG, M-50 T, n-o.Q5. Wo82Jr-10 Hz,A-o.5wo. 
aXI-lmm.b-lm.h-100m,SaO.Ol,p_2000 kG/n? ,c-3000 m/&ec,v-90 km/sec. 

As easy see the estimations look close to real measurements. 
The next step in improvement this model should be take in acaunt 

more reallstic model of ground wave with attenuation on high 
frequency. For this necessary have detail information about 
distribution velocity of wave in depth. 
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a..oSE ORBIT DISTOR.TION 

Pakhomchuk Vaslll 1/23/1992 (SSQ.) 
Beside the oscillation type of motion earth surfer has another 

one like diffusion due to tension drops inside the bulk. R.andom 
character of that jumps leads to continues diffusion il\ all 
surface points. The measurements of relative motions two points 
show that dispersion of transve position al~ equalpd: 

<X~.A-t-l 
Where t-tlme, I-dis.!tnce'2A-empirlcal constant in our measurement are 
equaled 0.75-1.5 10 ,.un /(sec-m). . 

Using of this model permit to calculate slow· motion of 
quadruples 
produce a close orbit distortion. This estimation can predict 
strength of correction dipoles (B-1) for control proton orbit. 

The fist of all calculate the position of quadrup~es the next way. 
The random displacing of neighboring quadruples aJb!,eq~ 

xl=O 
xi-xCi-U+sqrt(A~-n-xrnd (1<i~N) 

where l-distance between quadruples,xrnd-random value with dispersion 
equaled I. Continue this calculation along circumference of ring we 
produce model of displacement of lenses. For closing 
circumference it is necessary subtract linear dependence . the 
next way: 

xi-xi-xN-U-U/(N-U 
In this way we build surfer of displacement that can be used for 
calculation of close orbit distortion. In fip 1-4 are show this 
way calculation of displacement in time 1 sec. 1 hour. I year and 
finally for 30 millions years together with today sunsurfer along 
circumference of SSC tunnel. 

The motion of quadruples and orbit distortion can estimate 
as : 

6x2.AtC 
t-time period,C-circumference of SSC. For control orbit 

the strength of correction dipoles near quadruples should be 
equal~ 

P==(4Bc-Ic)=GI-II-6X=BO-Q-(AtC{2/(21r) 
So-average macnetic field of SSC, IaBc.lc-macnetic 

field and lenath of dipole correct. For successful activity in time 
period of 1 year without mechanical correction of quadruple 
positions it is necessary to have magnetiC correction (48-1 T) with 

length: I GllHAtC)1/2 BoQ(AtC(2 
c- ABc - 4Bc 

For g\~06T/m,ll=5.85 m, Bo=5T. 4Bc=IT.QaI23.78,C-90 km.t-Iyear=3 ld sec, 
A-IO In/sec. the length of corrector Ie-IO-17m. 

It seems too large!!!. l~ff~~J?\~. Desip (1990) Table 
4.2.1.1-23 strength of dlpole"{are gIven 2.5 yam. If estimation V 
for A is correct I ~e time for saturation of correctors wlll 
be less them I month. . 

The time of correction we can estimate take limitation on 
possible disalignment in interaction point O.Olcr-O.05 ,.un. It means 
that in main ring it is the acceptable distortion of close orbit 
6x-2 ,.un. The time of feedback fOJ" close orbit control should be equal: 

~=6x /(AC)==O.4 sec. 
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2.1 GROUND SETTLEMENT 

Seasonal variations in the localcround water table, water content of the soil, 
further compaction of even well encineered III or reboWld of the P'OWld under 
cuts etc., all tend to push the tUDDel out of ita oriCinal ahape. 

For example, the SLAC lina.c: ·cut orul cover- hmlel is 10,000 feet lone and 
hu built into it a laaer alipment ayatem capable of a UaD.svene resolution of 
about .001 inches.· Fieures 2.2(~b). show the cumulative displacements of lome 
240 targets alone the line, in the horizontal and vertical directions - "summed 
over the 17 years 1966 to 1983. Althouch the motions were futer just after initial 
construction, recent yearly lurYqs still indicate motions in certain regions of the 
order 1/2 mm./yuz. Generally speSkiDe, the wavelencths of the distortions are 
comparable or larger than the betatron wavelencth of the focussing structure 
and, therefore, less dangerous. Needless to say, the accelerator wavecuide is 
readjusted once & year. 
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VIBRATION CONNECTED WInI TRAFFIC 
Parkhomchulc Vasili V30/1992 

For calculation of amplitude of vibration exit of motion 
of cars it is necessary to have model of car. Choice very 
simple model that car consist of mass M on spring witch contact 
with ground across wheel mass m. In this case equation of 
vertical motion car we can write in next view: 

2 
d xc+Adxc + cLxc=Jox (I) 

dt2 dt 
xc-vertical coordinate of car, A,Wo-decrement and frequency of 

car oscillation, x(t)-the vertical position of road surfer. 
The force act on road are equal: 

;'x ~ xc ( ) 
F(t)=m--ctt2+Mdt2 2 

The pressure on ground are equal 

Ap~ S 

S-squire of wheel contact with ground. 

(3) 

For oscillation on frequency w amplitude of excitation flat wave A 
are equal: 

Aw=v=Ap/(pc) (4) 
p-density of ground, c-velocity of wave 
and power of excitation are equal : 

W=v·F=F2/(pcS) (5) 
If all this power propagate as cylindrical wave in surfer layer 
with depth h the amplitude of vibration on distance R are equal: 

22" 
x,=W/(pcw 2nRh)rpCW) lkRhS (6) 

If density of car per length of road is n full energy of 
oscillation 
are equal: 

2 tn. In(L/R) 
Xc- (pcw) bs 2n 

2F n 
• 2 

hS(pcw) (7) 

If choose model of the road as random triangle with height ~Xl and 
length h we can write power of space garmonic as: 

~=~x~/(hk2 ) 
where k-space vector 
oscillation 

.The 
(8) 

frequency 

depend of velocity of 
can write equation: 

car w=k·vc. For spectral power force we 

Ft,- I m+M·Wo7'(Jo-w +11w) r 2 ~X1W v 
h (9) 

of 

Finally we can write the estimation for spectral power of vibration 
connected with traffic in view: 

X2_1 m+J1woAwo~w +iiw I 2 ~xlvn 
W bhS(pc)2 . 

(10) 

For low frequency effective mass M and for high frequency m . 
Fig 1 demonstrate spectral power of oscillation witch was measure 
in UNK tunnel in working day together with estimation (10) with 
parameters: m=lO kG, M=IOOO kG, Wo=2n·5Hz,A=0.5wo,~xl=lmm,h=lm, 

2 h=lOO m,S=O.Ol m ,p=2000 kG,c=lOOO m/sec., v=90 km/hour,n=O.OVm. 
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VIBRATION ASSOCIATED WITH VENTILATION IN TI£ sse TUNNEL 

Vasily Parkhomchuk 

The air flowing along the tunnel usually has high power of 
turbulence. For estimation of the spectral power of fluctuations 
of pressure one can use the formula [1,2] : 

where, p-air density, U-average velocity of air, R-radius of the 
tunnel, f - frequency of fluctuation. 

The amplitude of oscillation of the wall of a tunnel is equal: 

where, P9-ground density, C9-velocity of longitudinal wave. 

As a result, the estimation of the spectral power of vibration 
of the wall of a tunnel is equal: 

6x2.pZU161'3/ ( (4np9C9) ~'/3fl3/3) 
r 

f > fc - U/R - cut off frequency 

Table 1. Spectral power of vibration of hard wall of a tunnel ~m2/Hz 
for different velocities of ventilation. 

Spectral power of vibration of inside surface of a tube with 
flowing liquid (~2/HZ) 

Tube radius (m) 2 
flow density (kg/m3) 1.3 
tube material density (kg/m3) 2000 
wave velocity in tube material (m/sec) 1000 

f(Hz) U=1.00 U=3.16 U=10.00 (m/sec) 

.SOE+OO • 21E-01 .6SE-01 .21E+00 
• 11E+01 • 77E-03 .6SE-01 • 21E+00 
.23E+01 .2SE-04 • 13E-01 • 21E+00 
.SOE+01 .99E-06 .46E-03 • 21E+00 
• 11E+02 .~6E-07 • 17E-04 .77E-02 
.23E+02 • 13E-OS .60E-06 .2SE-03 
.SOE+02 .46E-10 • 21E-07 .99E-OS 
• 11E+03 • 17E-11 • 77E-09 .36E-06 
.23E+03 .60E-13 .2SE-10 ._13E-07 
.SOE+03 • 21E-14 • 99E-12 .46E-09 



As it can be easily seen, when the velocity of ventilation 
increases to 3 m/sec the vibration becomes too large. 

The vibration of the elements of structure inside a tunnel can 
be even larger if there are resonance frequencies near 100-500 Hz. 

The next question is vibration excitation caused by temperature 
ripple. The air cooling of equipment generates large temperature 
ripples in the turbulent air flow. Sharp change of the temperature 
of magnet surface generates mechanical kicks. These kicks are 
especially dangerous for long magnets. The estimation of 
transversal displacement of a tube with length I is the following: 

2 
ax- I a. kaT s a A 
15.= (kt/ (2pcw) ) 1/2 

ax = 2 IJDl 

-5 k=10 temperature expansion 
aT-temperature ripple 
a-radius of a tube 

A-thickness of a wall 
a.-thickness of temperature skin 
kt-heat conductivity 
pc-temperature capacities 
w-frequency 

( ! ! ! ) 

This type of vibration excitation is very dangerous in conditions 
when equipment-to-air heat exchange exists. In this conditions the 
temperature ripple is associated with'the turbulent motion of air 
with different temperatures. For an estimation, one can write the 
spectral power of vibration associated with this effect : 

14a~2* A~ ax~ = * {U/ (Rf) 2/3 

{SaAr f 

f > U/R 

where, AT - the temperature difference between air and cooled 
equipment. 

If AT = 10 co, noise on frequency near 1 kHz becomes too large. 
To decrease the excitation of vibration caused by this mechanism 
it is necessary to cover the quadruple with thermal shield to 
avoid its contact with air. 

Yet another source of vibration is associated with flow of 
liquid in various tubes of the equipment cooling system. For its 
estimation let's try to calculate the vibration of a tube with 
very thick wall and water flowing inside. 



Spectral power of vibration of inside 
surface of a tube with flowing liquid 

Radius of a tube 
flow density 
density of tube material 
wave velocity in tube material 

f(Hz) U-.l0 U-.32 
(m/s) (m/s) 

10.0 • 14E-05 .45E-05 
19.9 .72E-07 .45E-05 
39.8 .36E-08 • 17E-05 
79.4 • 18E-09 • 84E-07 

158.3 • 91.E-ll .42E-08 
315.8 .46E-12 .21E-09 
630.0 .23E-13 • llE-l0 

1256.6 • 12E-14 • 53E-12 
2506.6 • 58E-16 .27E-13 
5000.0 .29E-17 • 13E-14 

(m) 3 
(kq/m

3
) 

(kq/m ) 
(m/s) 

U-l.00 
(m/s) 

• 14E-04 
• 14E-04 
• 14E-04 
• 14E-04 
.20E-05 
• 98E-07 
• 49E-08 
.25E-09 
• 12E-l0 
• 62E-12 

0.01. 
1.000 
7000 
3000 

Amplitude of waves with frequency 100 Hz can increase by 0.03 
micron for velocity of water 1 mlsec for a tube with very thick 
wall. For a thin wall tube this amplitude may increase as ratio 
RIA (A-thickness of a wall). 
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RECOM1vfENDA TIONS 

1. To make real measurements of the power 
spectrum and correlation functions along 
circumference of the SSC. To this end, it is 
necessary to simultaneously measure the 
signal of 6-10 geopbons distributed along 
the ring. This will give a possibility to 
directly calculate the beam degradation. 

2. To investigate the mechanical response 
of magnets and quadruples to vibrations at 
high-frequency band. 

3. To investigate the cultural sources of 
noise: ventilation, compressors, cooling, 
traffic. 

4. To study the low-frequency noise and 
high order resonances of proton beam. The 
requirement on fast feedback and the 
control of closed orbit systems 

5. To measure slow relative ground motion 
of the points at the SSC site at the distance 
20-100 km for direct estimate of orbit 
distortion . 



Sillv1MARY 

1. The level of ambient vibrations at quite 
conditions can influence the life time of the 
luminosity for running the sse collider 
without feedback. (10-12 Ilm2 /Hz at 
resonant frequency of betatron oscillation) 

2. A powerful feedback system with 
dumping time 3 msec increase the tolerable 
level of vibration to 10-8 Ilm2 /Hz. 

3. The measurements show that cultural 
noise (ventilation, traffic, cooling flows of 
water, liquid nitrogen) can produce 
vibration at high frequency band (500-1000 
Hz) of the order of magnitude 10-9 - 10-6 

Ilm2 /Hz. 

4. The extrapolation of slow motion data 
from measured data from different sites for 
the sse predicts too large displacements of 
quadrupoles -1 cml1 year and 5 cm 125 
years. 
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Outline of the talk 

• Introduction 

• Resonant excitation of the betatron 
oscillations by a vibrating quadrupole 

• Random offset beam-beam interaction 

• Nonresonant emittance growth due to 
low-frequency noise 

• Conclusion 



HIGH VERSUS LOW FREQUENCIES 

• Measured spectra of ground motions show 
vibrations in a wide range of frequencies 
with a spectral density decreasing with f. 

• Beams respond differently on high and 
low frequency perturbations. 

Resonant frequency = 0.22-3.44 kHz = 

= 760Hz 

Low frequency - few Hz or tens of Hz 

High frequency - kHz 



Resonant excitation of the betatron 
oscillations due to quadrupole vibrations 

• One-dimensional linear model 
• A thin quadrupole 

x - position offset of a particle 

1J = xl-V pes) 

00 

=V.QpJ/2L1(t) L l>(t - mT) 
1; q m=-oo 

L1( t) - displacement of the quadrupole 
fq - focal length 
Q - revolution frequency T=27dD 



• An evident effect of low-frequency noise 
is the distortion of the closed orbit (N g & 
Peterson) . 

• High-frequency noise resonantly excites 
coherent betatron oscillations of the beam 
(Parkhomchuk et al., Stupakov). This effect 
accumulates in time. 

• Oscillations decohere due to nonlinear 
dependence of v on the amplitude causing 
the growth of emittance. 

• Nonlinearity of the betatron oscillations is 
mainly due to beam-beam interaction 

Liv == g == 10-3 

Decoherence time 

tdecoh. = Iv = O.3s 



Assume for a moment that L1( t) is a 
harmonic function with the frequency w 

00 00 

L 5(t -mT) = -.L L einDt 
21C m=-oo n=-oo 

The resonance occurs at 

w+ nQ = ±vQ 

The minimum w is 

w = (n - v)Q = 0.22·3.44 kHz = 760 Hz 



The averaged square of the amplitude of the 
betatron oscillations linearly grows with 
time 

2 00 

(x2)= :n:{3fjotf L S(Q{v-n)) 
2fl n=-oo 

where the spectral density S( m) is related to 
autocorrelation function K( 'r) 

00 

S(m) = l K('r)cos(m'r)d~ 
TC 

-00 

00 

(,12) = S( m)dm 
o 



Implementations for the sse 

Low-f3 IR, f3 = 0.5m, a= 5J..1m, t = 10 hours 
The constraint 

1. IR quadrupoles contribution 

f30 ~ 8000m, fq ~ 20m 

S(760Hz) < 10-12J..1m2/Hz 

2. Lattice quadrupoles, N=800 

f30 ~ 200m, fq ~ 60m 

S(760Hz) < O.8·10-12J..1m2/Hz 

• There is an uncertainty factor in these 
estimations related with the support and 
magnet body response to the vibrations. 



Random offset beam-beam interaction 
• Assume that with the use of a feedback 
technique the betatron oscillations driven by 
magnet vibrations are stabilized at some 
level. 

'(t) = Xl (t) - X2(t) - is a random function 
of time 

A MODEL 
• One - dimension, x, p 
• Strong - weak interaction 
• Small displacements, , « G 



Initial density profile of the bunches 

no(x) = NB e-X2/(j2 
121tlda 

1 - length of the bunch 
d - width of the bunch 

The potential energy of interaction (in 
dimensionless units) 

00 

m=-oo 
x y 

h(x) = dy dze-z2 

o 0 

; = NBrp{3* 
~27rdcry 



J - is the action variable 

x = G...J 2J f31f3* simp, 

F(J) - is particle's distribution function 

00 

xL[S(~llJ +S(~)] 
m=o 

~= Q({v(2k+l)} +m), 
ro&= Q({l -v(2k+l)} +m), 

00 

S(ro) = l K('r)cos(ro'r)d't 
1C 

-00 



Luminosity dilution 

~L ;2 
Lo = - 39. LZ'2S(DL1v) 

Low-,B IR, (1 = 5J..lm, t = 10 hours~ ~L < 0.5 

S(760Hz) < 7.5·10-7IJ,m2/Hz 

Defining displacement at the resonant 
frequency QA V by 



Nonresonant effects of the low frequency 
• nOIse 

00 

=vnf3J/2it) L 8(t - mT) 
q m=-oo 

L1(t) - is a slow function with characteristic 
frequency conoise« D. 

Z = 1 (1J-i i]) 
~ 

1 e ivnt-i{JJN+1W) 
Zclosed orbit = 2Ll(TN) +. 

JqSIn 1tV 

N= {Dt} 
2n 

N is the number of the last kick at the 
moment t, TN is the moment of the last 
kick. 



Liz(t) = z(t) - Zclosed orbit = 

= iTe i(vDt-)1N) dLi(TN) + II 
4fqsin2 TtV dt 

I _ (Onoise 
Zclosed orbit n 

II _ ((t);;:se)n+ 1 

Zclosed orbit 

n is the number of the first nonzero 
derivative of Li(t) at t=O. 
For a smooth start, III is negligible. 

A rough estimate of the emittance growth 
rate (Parkhomchuk et al.) 



For L1 = 0.1Jlm, L1v = 10-3, (j)noise= 21tx1Hz, 
t = 10 hours, f3o= 200m 

(L1x2) = 2.4x10-2(j 



CONCLUSIONS 

1. High-frequency ground motion (760Hz) 
will resonantly excite betatron oscillations 
in SSC to untolerable level. Due to 
nonlinear tune spread coherent oscillations 
would translate to increased emittance. 
Further studies are needed to clarify the role 
of magnets and supports mechanical 
response to ground motion. A sort of 
feedback is required to suppress the betatron 
oscillations. 

2. Random setoff beam-beam interaction 
causes emittance growth of the beams. A 
tolerable level of beam displacements at the 
IR is about 5xl0-2J..lm (at the frequency 760 
Hz) 

3. Nonresonant effect of the low-frequency 
ground motion mainly results in closed orbit 
distortion. However, further studies are 
necessary of nonlinear resonant interactions 
that can deteriorate the beam performance. 
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SEISMIC PROBLEMS(?) AND SOLUTIONS? 

Will use results from previous speakers. The 

G.Stupakov, Skrinsky et al power spectrum for

mulation is very convenient. I agree with the 

CDR (G.Fischer, P.Morton) results. 

THE "ADIABATIC" REGIMES 

- Long term ground or support subsidence 

(months) 

When resteering no longer works send in the 
surveyors. 

- Short term changes (minutes) 

Operators manually or with feedback resteer 
machine. 

- Few Herz disturbances from ground vibra
tion. 

CDR proposed the rClostlein scheme for keep
ing beams centered. 

Does this do more harm than good? Simula
tion results will be discussed. 

- The movement is unimportant for 20 to few 
hundred Herz. 

1 
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EMITTANCE GROWTH FROM POWER SPEC
TRUM IN KILOHERZ DOMAIN. 

- The "train" quarry shot problem. 

- The external (sources outside of the magnet 
supports) problem. 

- The INTERNAL to the magnet problem 
from cooling flow or whatever. 

Better engineer it so that this doesn't happen 

- Mild safety net from feedback. 

2 



SEISMIC PROBLEMS(?) AND SOLUTIONS? 

Will use results from previous speakers. The 

G.Stupakov, Skrinsky et al power spectrum for
mulation is very convenient. I agree with the 
CDR (G.Fischer, P.Morton) results. 

THE "ADIABATIC" REGIMES 

- Long term ground or support subsidence 
(months) 

When resteering no longer works send in the 
surveyors. 

- Short term changes (minutes) 

Operators manually or with feedback resteer 
machine. 

- Few Herz disturbances from ground vibra
tion. 

CDR proposed the ICJostlein scheme for keep
ing beams centered. 

Does this do more harm than good? Simula
tion results will be discussed. 

- The movement is unimportant for 20 to few 
hundred Herz. 
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DOES THE JOSTLEIN MODULATED SIGNAL 

CAUSE EMITTANCE GROWTH? 

- What is feared are non-linear beam beam 
effects. 

- I did extensive beam beam simulation over 
a wide range of frequencies and amplitudes. Ba

sically it leaves the beam-beam limit unchanged. 

( Example figures compare beam-beam limits 

with and without a Jostlein sweep of 2 micron 
amplitude at 40 Hz). 

- It is an "EPSILON effect" compared to the 

synchrotron motion modulation which typically 

moves the beam by ± 1.4 microns at a frequency 
of ",10 Hz. 

4 



JOSTLEIN FEEDBACK FOR < FEW HZ MOTION. 

- Well described in CDR. Objective is to as
sure beam centering to 

than 0.1 u. 

-One of the beams at the IR is circularly ro
tated. And a phase locked luminosity signal is 
used for feed back to maintain centering. 

-Because the IPs throw hundreds of watts of 

highly collimated hadronic debris instantaneous 
relative luminosities can be measured to a better 
than 0.1%. (108 interactions per sec). 

3 
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TRAIN AND QUARRY SHOTS. 

Ng and Jack Peterson have gone over this. 

EVEN if they were too OPTIMISTIC 

- These are disturbances at predictable times 

of a few minutes in the day. 

- The beams could be separated prior to a 
shot or train passage. 

- Without the beam beam interaction deco

herence times are long and a modest (probably 

already existing) feedback system could remove 
the induced coherent signal. 

5 
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500 TO KILOHZ NOISE PROBLEMS. 

- Gerry Fischer has discussed this. 

- Only "cultural noise sources" can cause such 

effects. 

- Typically magnet mounts resonate in the 

tel.1S of Hz range not kiloHz range. 

The input power spectrum P(w) must be mul

tiplied by a response function· '4'~ to give the 
noise power at the magnet. " 1-

-r-' c{ P (WI") \ 'Z t\aol} , 
"'I _"2.} 

\ <- (-"J") \2.. = t tJ 0 i- I wit,", 
C. I ~ ___ "" 0'2 ) -. of- F -a. 

,~ rt.$ , ... t~ "",c.~ \. 

Therefore even if the INP results were correct 

at the sse the power spectrum would be attenu

ated in the kiloHZ range (with reasonable design) 
by factors 

w» ~o 

o..t\t.~\.t "tio, 

b c.. tllH\ I.. \, 
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Ground Motion Measurements at the 
Site of the Advanced Photon Source 

(APS) 

Joe Jendrzejczyk and Marty Wambsganss 

Argonne National Laboratory 
Argonne, IL 60439 

Workshop on Vibrational Control and 
Dynamic Alignment Issues at the SSC 

February 11-14,1992 

Argonne National Laboratory-------___ .-/ 



WHAT REMAINS? 

KiloHZ noise power generated directly within 
the magnets could be a problem??? 

Obviously must be measured. 

7 
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Outline 

• Background information 

• Ambient ground motion at APS site, May 1988 

• Surveillance of 18 Hz and 60 Hz components of 
ground motion at APS site - July 1988-January 1990 

• Vibration response of the APS Linac floor slab to 
ambient ground motion October 10, 1991 

'-- Materials and Components Technology ----------' 
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Geotechnical Investigation 

• Soil profile 

• Ground water level 

• Bedrock continuity 

• Crosshole seismic testing 

\..- Materials and Components Technology ----.;...------' 



Vibration Criteria 
Maximum Allowable Vibration Amplitudes 

Vibration'lY.Pe 
Single Quadrupole 
Random (all quadrupoles) 
Plane Wave (v = 306 mls; fin Hz) 

f<2.2 
2.2 <f<4.6 
4.6 <f< 7.7 
7.7 < f < 13.5 
f> 13.5 

IijsplaceIQent(Urn) (peak) 
Horizontal Vertical 

2.2 1.29 
0.34 0.12 

16.1 
16.1 
16.1 

16.1-0.90 
0.90 

4.4 
4.4-0.28 

0.28 
0.28 
0.28 

Materials and Components Technology ----------' 



Ambient Ground Motion, May 1988 

• Near-field sources generated within the site -
generally can be controlled 

• Far-field sources generated external to the site - may 
or may not be controllable 

Materials and Components Technology ----------' 



E 

LOT 

£~~ 
1'2 

Measurement Locations. 

• 
~ Loca~:'an 1 • 

7.'." _IE 
.10 I&LIF..-a 

~~4.1 • 

North 
·1 

r'Yest-

SoLth 

-East 

[ 

Materials and Components Technology ---------..., 



Total Displacement in Microns for Locations 1 and 2 

Total Displacement "Wideband" (4-100Hz) 
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Measurement Technique 

• At six locations along proposed storage ring perimeter 

• Accelerometers mounted on 2 ft long stakes driven 
into soil 

• Vertical direction only 

• Accelerometer signals double integrated to obtain 
displacements 

• Displacements averaged over ~minute time interval 

Materials and Components Technology --------



Total Displacement in Microns for Locations 3 and 4 
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Ground Motion Survey - Transients 

Three types of transients were observed: 

• Local low energy, observed on only one transducer. 

• Near-field, medium energy observed at all locations 
with a velocity of 1 , 1 00 ftls. 

• Far-field, high energy, observed at all locations with a 
velocity of 18,000 ftls. 

Measured displacement values -were high - up to 1.2 
microns peak-to-peak. 

'"- Materials and \;omponents Technology --------



Surveillance Results 

• Only one positive occurrence on July 28, 1988 

• Has not been observed after July 1988 

0.057 MICRON,rms 
po- ~ 0.149 

: ; ~- /- MICRON,rms: 

"I_~~ START 

! .- .. 
~ , 

NORMAL BACKGROUND 

" ... 0". ". - -

-+- END 

" .. -. 
- - . 

· .. - ,"-•. ..'-. 
· :. ~ 0:."" .: .. ~ . .-. 
· , .. - ," 

I" .. ' 

Actual 60 Hz measurement on July 28, 88 \ . 

Materials and Components Technology --------...-/ 



Surveillance of 18 Hz and 60 Hz 
component of Ground Motion at APS 

Site, July 1988-January 1990 

• Location 3 monitored 

• Continuous monitoring system used 

393C 
Accelerometer J--..-t 

Detection and 
Filter Circuits 

Strip Chan 
Recorder 
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Ambient Ground Motion/Linae Slab 
Response 
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Vibration Response of the APS Linac 
Floor Slab to Ambient Ground 

Motion, October 10, 1991 

• Three axis measurements on Linac floor slab and 
adjacent soil 

• Same data reduction techniques as previously noted 

• Measurements made during high activity time 
(construction) and low activity time 
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Ambient Ground Motion/Linac Slab 
Response, Horizontal, East 

Wideband (4-100 Hz) Displacements 
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Ambient Ground MotionlLinae Slab 
Response, Horizontal, North 

Wideband (4-100 Hz) Displacements 
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Vertical Ground Spectra for High Activity Time 
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Vertical Ground Spectra for Low ActtyJtY_Ilm._e_ 
I I I I I I I I I 

VERTICAL.GAOUND 

I_I I J"1!!!!J!'M 
10:30 _ .. -'._-
10:22 -:r I ----
J~!.~.i --:c I , 10:06 

.J I ... ----
9:58 

I j ----9:50 -:r I ---9:42 - I J 
__ 6 __ 

9:34 -wJ --_.-
9:26 

I 9:18 -.---
~"" 9:10 

---,r-t- 9:02 
8:54 -- .1J 8:46 -- J 8:38 .A< - -

,.Jf\ .~ 8:30 -w. • 8:22 -- I ---8:14 - ---_r ....... 8;06 

--r II-. 7:58 - 7:50 --.I - I 7:42 

~ A 7:34 
!. !. !. I I I I I I I 

300 a 100 200 .lIOO 500 600 700 ~OO 1000. BOO 
10-1 HZ LIN 

M~erials and Components Technology~~~~~~~~~~~~~~~~~~~ 



Ambient Ground Motion/Linae Slab 
Response 
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7.7f Hz D1splacement 
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Conclusions 

• With the exception of the 18 Hz-60 Hz vibration, the 
site is quiet 

• The ground vibration measurements of May 1988 and 
October 1991 are in excellent agreement 

• The Linac floor slab generally follows the ground 
motion 

• The Linac floor slab acts as a filter at all frequencies 
except its soil/structure resonances 

• Construction activity greatly increases ambient 
ground motion 
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The Nova Laser is a large, accurate, stable 
optical system 

• Engineering Elements of Nova 

Stability as a target shooter 
Specifications 
Alignment system 
Design approach 

• Nova is the sixth in a series of lasers built at LLNL within a 
period of 12 years 

• Basic lessons learned 

How to design a large system to be stable and very accurate 
Provides a good baseline to design new projects 
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Nova was completed in 1985 at a cost of $176 M 

• 120 kilojoules for periods of 300 ps to 3 ns 

• Ten 74 cm diameter beams travel 280 m 

• Arrive simultaneously and irridiate target 
(focused spot on target is 20 J,lm) 

• Travels through 600 major opitcal components 

• Automatic alignment System 
- Total system aligned in 20 minutes 
- Requires 300 alignment loops to close for a target shot 

• Two target chambers 
- Six shots per day 

• Housed in 1 million cubic foot clean room 
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Design approach for a stable Nova 

• For a cost effective system-used a combination of strict 
specifications of manufacturing tolerances with computer 
controlled automatic alignment 

- Alignment system 

92-00S/CAH-1 :dml1-21-92 
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Thermal and vibrational stability 

Strict specification of mechanical and structural design 

Manufacturing and installation control 



Alignment system 
• Alignment system includes 

centering (parallel translation) 
- pointing (angular rotation) 
- focusing 

• Computers analyze images from video sensors to locate beam 
references for automatic alignment 

• Each component has removable cross-hairs which are compared 
to insertable cross-hairs as a fixed permanent reference 

- Shadows are cast from the insertable cross-hairs to the 
video sensors 

- Information is digitized, analyzed 

- Closed loop adjusts the moto,r driven mirror gimbals 
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Closed loop alignment through 
image processing 

R .... ' .. 
motor 

Idjutb"ents 

----- VIcM 1--_ .... ..... 

Anay proceaor 
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Alignment system features 

• Automatic remote with manual adjustment capability 

• Uses 1000 stepper motors and acutators 
i 

• Eight insertable cross-hairs permanently mounted on the space frame 

• Video sensors-permanently mounted on space frame in 3 places: 
Input, mid-chain, and output. 

• Sensors examine near-field image of beam in plane of each cross-hair 

• Beam positioning is compared to the insertable crosshair 
using an alignment beam. 

• Pointing is controlled by bringing the beam to focus on a sensor. 
Offsets are proportional to changes in pointing angle. 

• Sensors also give images of spatial filter pinholes or of the target 
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I t---------- 94 cm-------i-.-..!( 

Beam 
input 

Insertable 
crosshair 

Filter and 
path 

selection 
wheel ~ 
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camera~_I'L_'_~_'I'-_' 

Calorimeter/beam 
tube interface 

Insertable pinhole 
backlighting lens 

Path selection 
wheel 

Po inting path 

High-resolution 
centering path 

Normal-resolution 
centering path 

Input Sensor Package 



A---t.====Amplifief chain A/C·- - -
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] ·Splitt.,. array AID 

~------------------------~ , 

pc'8-,,, 
__ .I._p(/ Mastar oscillator room AID 

Alignment functions 

A -=- Pulse arrival synchronization 
P - Beam pointing/target or pinhole viewing 
C - Beam centering/near field viewing 
F - 8eam focusing 

I" -Calorimetry 
Diagnostic functions ~- Spatial profile measurement 

/T- Temporal profile measurement 

ALIGNMENT SENSOR LOCATIONS FOR A SINGLE BE A" 



o ~~UT~P~U~T~P~O~I~NT~I~N~G~W~I~T~H~T~H~E_P~F~C~S~E~N~SO~R~ ___________________ ~ 

Electronics 

Position ...... tive 
detector 

Stepping moton 

Objective lens cell 

OutpUt pointing gimbll .. 

Pointing, focusing, end centering (PFC) sensor 

Target chamber lens 
and lens drive 



Alignment error tolerances 

• Input beam, 2 em diameter 
- Maintain + 4 J.l rad pointing & 0.5 mm translation for more 

than 100 sec 

• Output beam, 74 em diameter 
- Maintain + 4 J.l rad pointing and 8 mm translation 

• Total error 
- 21 J.lm on target 

• Arrival time at target 
- Within 5 picoseconds 
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Structural system stability 
• Dominant stability considerations 

- Thermal 

- thermal stability is controlled by strict specification of facility 
air conditioning 

- Vibrational 

- vibrational stability is controlled by sizing elements 
for low weight & maximum stiffness to keep resonant 
frequencies high 

- Seismic 

- seismic stability is secondary to thermal & vibration stability 
- they are not necessarily compatible one ensures stable 

92-005lCAH-1 :dml1-21-92 
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operation & one ensures survival (i.e. system is mounted 
on rollers with a seismic anchor) 



Nova stability 

• Thermal stability 
- temperature control + 1/20 C (no gradients) 

• Zone air system 
- clean room-change every 30 seconds 

• Thermal inertia of space frame is several hours 

• Space frame mounted on rollers w/single seismic restraint 
- prevents structural damage 
- tested on a hot day 
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LATERAL THERMAL DISPLACEMENTS OF NOVA SPACE FRAME 
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Design approach for vibration stability 
• Measurement of site input forces 

• Determine type of construction 
- consider damping (welded steel 2°k) 
- design for low-weight and high stiffness 

• Design for seismic events 

• Perform dynamic analysis of design (finite element model to find modal 
frequencies [SAP IV]) 

• Adjust design accordingly 
- iterate the model to find desired frequencies & amplitude 

• Determine pointing accuracy of system 
- ray tracing to develop an error budget 

• Construction & deployment 

• Perform dynamic testing 
- experimental modal analysis to verify finite element analysis 
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NOVALASER FRAME LI 
------------------------------------------------------

• Dynamic analysis - first mode shape 

02·31·0931·3087 
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Nova stability 

Laser bay' frames 

Calculated Measured 
frequency frequency 

Mode (Hz) (Hz) 

1 9.95 8.27 
2 10.08 8.45 
3 11.32 8.72 
4 12.11 9.57 
5 13.61 11.25 

Translation ± 5 J.1m 
Rotation ± 0.7 J.1 rad 
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Mode 

1 
2 
3 
4 
5 

Switchyard frames Target frame 

Calculated Measured Calculated Measured 
frequency frequency frequency frequency 

(Hz) (Hz) Mode (Hz) (Hz) 

6.66 5.5 1 4.15 5.6 
7.06 6.3 2 5.45 5.9 
8.25 8.6 3 5.72 6.3 

15.56 19.1 4 5.91 6.5 
16.13 21.4 5 6.56 7.5 



_M_e_c_ha_n_ic_a_I_&_s_tr_u_c_tu_ra_l_d_e_si~g_n ____________ • 

• Space frames designed as an optical bench 

• Installed to within 1/8" in 225 ft. 

• 1/8" tolerance is not adequate for a machined optical bench 

• System of shimplates clamped to frame generates vertical & 
horizontal planes to within 1 mm 

Installed using installation tool and an alignment laser 
Component cradles are located and fixed to these plates 
Tool mounted on cradle accurately locates each component. 
Cradle is locked and bolted in place & tool is removed leaving 
no knobs 

• Each conponent is accurately positioned in the V-block cradle 
allowing interchangeability of components and easy 
change with no realignment 
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NOVA COMPONENT CRADLE & INSTALLATION ALIGNMENT FIXTURE 
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Nova stability 
Cost effective steel structure 

• Nova space frame a cost effective steel structure 

- 800,00 Ibs @ $2.28 per Ib 

- Designed for shop fabrication using tooling & fixtures to 
control dimensiions & distortions 

- Machined and welded joints 

- 6 x 6 square structural tubing 
- flat surfaces for mounting 
- simple joints 
- moment of inertia is the same in all directions 

- Shop-fabricated maximum size units to minimize field welds 
- size limited only by transport, load limits, doorways & cranes' 

- Erected using engineered alignment procedures 
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High bay of Nova laser with 
laser glass amplifier assemblies 
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Nova target chamber construction 

• 16 ft. spherical aluminum vacuum chamber, 4 in. thick wall 

• Alignment possible only when evacuated 

• Target and optics mounted on vacuum wall 

• Recommendation: if possible, separate sensitive alignment 
equipment from vacuum wall. 
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Nova stability-other comments 

• Major equipment gravity loads must be on stable foundations 
(i.e. thick, concrete slabs or footings) 

• Springs such as cantilevers must be avoided 

• When mounting to concrete, consider thermal cracks & 
continuous chemical change. 

• Design successfully used by four other systems 
Shiva, LLNL 
Novette, LLNL 
Phebus, France 
Gekko XII, Japan 
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Summary 

• We used a combination of structural stability and automatic 
alignment to successfully build an accurate and cost-effective 
target shooter. 

92-00S/CAH-1 :dml1-21-92 
Page 17 



Finite Element Analysis of Large Structures 

David B. McCallen* Robert C. Murray** 
(Presenter) 

SSC Workshop 

February 11, 1992 

* Structural Mechanics Engineer, Structural Mechanics Group, LLNL (510) 423-1219 

** Associate Program Leader, Nuclear Systems Safety Program, LLNL (510) 422-0308 

Finite Element Analysis of Large Structures sse Workshop Presentation Feb. 11 1992 



Three topics relative to large scale finite element 
computations will be briefly discussed 

• Hardware available to structural analysis engineers and how 
recent hardware changes have increased productivity 

• Subset of LLNL developed computer software most pertinent 
to structural and solid mechanics problems 

• Examples of large scale finite element computations (with a 
focus on dynamics problems) 

- Alignment sensitive structures 
- Current work on modeling a large bridge structure 

(integration of CAD in analysis process) 

- Illustration of a computer generated movie 

Finite Element Analysis of lArge Structures sse Workshop Presentation Feb. 11 1992 



ardware Av able to LLNL Structural 

Sun 
---- Workstation 

Structural Analysts Office 

Workstation File Server 
10 intensive tasks 

(require user interactivity) 
-Mesh Generation 

Supercomputers (Cray YMP) 

CPU intensive tasks 
(i.e. number crunching) 

-Finite Element Analysis 
of Large Systems 

- Post Processing of 
Large Analysis Results 

-Small and Intermediate Analyses 
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LLNL has a "complete package" including the latest 
technological developments in both hardware and 

software 

• All of the LLNL developed programs are continuously 
maintained and updated 

• All three legs of a modeling effort are available with programs 
that communicate 

- mesh generators 

- analysis programs 

- post processors 

• Access to developers of large codes allows speedy 
implementation of special features 

Finite Element Analysis of Large Structures sse Workshop Presentation Feb.111992 



LLNL has a suite of computer codes which are 
utilized for structural and solid mechanics problems 

• SLIC/INGRID - Mesh generating routines for interactive definition of 
model geometry (Cray/Sun/Vax versions) 

• GEMINI - General purpose linear elastic program for structural 
analysis, essentially an updated and modernized version of SAPIV 
(Cray version only) 

~~~~:i:s 1} • DYNA3D/DYNA2D - General purpose nonlinear program for analysis 
of solids and structures (Cray/Sun/Vax versions) 

~te~Ory 2} • NIKE3D/NIKE2D _ General purpose nonlinear program for analysis of 
ro ems solids and structures (Cray/Sun/Vax versions) 

• TAURUS/ORION - Post processing routines for above analysis codes 
(Cray/Sun/Vax versions) 
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Structnral dynamics problems at LLNL fall into one 
of two categories:1) high frequency-short duration 

loading, 2) low frequency-long duration loading 

Category 1) example .... 

Be/OTt Impact 

.~. 
I 
I 

I 
• I 1 ____ ._._.-' 

• • • 

( e.g. Impact Analysis) 

Finite Element Analysis of Large Structures 

Z.S .re 

Category 2) example .... 
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(e.g. Weak and Strong Ground Motion) 
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Mesh generating capabilites allow us to gen~rate very 
detailed models of complex structural systems 

Superslruclure 

~~ 

Pi 1 e 
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Supercomputer capabilites plus efficient software 
allow us to perform large scale numerical 

computations in an efficient manner 

F=3.1 Hz. 
Including 
Soil Mass 

Finite Element Analysis of Large Structures 

F=3.8 Hz. 
Neglecting 
Soil Mass 
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Example of large scale analysis of an alignment 
sensitive structure; Nova Spacl! Frame 
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Example of large scale analysis of an alignment 
sensitive structure; Nuclear Test Canisters 

"~ 1 0 P 

Stiffened Canister 

Unstiffened Canister 

- .. ~~ Finite element analysis provided guidance on cost and weight effective 
and weight minimizing stiffening schemes 

Finite Element Analysis of Large Structures sse Workshop Presentation Feb. 11 1992 



. ~ 
~. .< 
~.~ . 
1. 



Example of large scale analysis currently being 
performed; The Dumbartoll Bridge 

West Approach Structure 

2100 ft. 

Main Otannel Crossing 

3150 ft. 

East Approach structure_ J 
1950 ft. I 

Mean 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 

Dumbarton Bridge Profile 
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D Bay Mud 

• Silty Clay 

Old Bay Clay 

~ Sand & Gravel 

Silty Clay 
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Varying structural connectivity between the deck and 
piers and the existence of numerous expansion joints 
significantly complicates the overall bridge response 
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Dumbarton bridge mode #1; Axial vibration between deck hinges 
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The response of the Dumbarton bridge for the 
"maximum credible" earthquake will be predicted 

utilizing our large scale global model 
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Dumbarton bridge mode #3; Transverse vibration of center span 
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Computer generated movies allow visualization 
of complex phenomenon 

full automated file transfer 

• • T=.02 sec T=.04 sec T=.06 sec T=10.0 sec 
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response of some large structural systems 
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Structure 

3) Linear vs. 
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Analysis 

2) 3D Building 

4) Model 
Verification 
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In summary, LLNL has all of the necessary ingredients 
to perform large scale finite element analysis 

• Supercomputers readily available for large scale number 
crunching 

• State-of-the-art LLNL developed software for all three steps of 
the analysis process 

- model generation 

- finite element analysis 

- post processing 

• Experienced structural analysts capable of efficiently and 
correctly utilizing the hardware and software available 

Finite Element Analysis of Large Structures sse Workshop Presentation Feb. 11 1992 
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Sandia is active in the area of MIMO structural control 
design 

1) internal research and development program, 87 -89 

2) DoD program, 89 to present 

3) internal research and development program, 91 to 92 



An actively controlled structure consists of several 
components 

inputs 

actuator 
system 

plant 

sensor 
system 

processorl 
control law 

Each system can be represented 
by a state space equation 

• X=AX+BU 
Y=CX+DU 

outputs 



We can divide active control into four core technologies 

Active control of structures 

Structural 
Analysis 

t) preliminary 
design and analysis 

2) plant modeling 

Structural 
testing 

t) disturbance 
requirements 

2) plant model 
identi8cation 

3) component 
testing 

4) implementation 

Control 
design 

t) design 
methods 

2) implementation 

Components 

t) sensors 
2) aduators 
3) processors 



Structural control design is an iterative process 

structural 
analysis 

testing 

control 
design 

Sandia National Laboratories (M 



We define structural system identification as: 

1) determination of a math model of a structure 
directly from test data 

2) updating a finite element to agree with 
test data 

~1""II1IIf!~SNLA 2741 02 HD:FIDeMaker 3.0:IPLaufferJ)ocuments:scsiYeb:scsi~tadon 



We perform modal testing for three reasons: 

1) troubleshooting 

2) updating finite element models 

3) identification of a stand alone 
math model 

Developing a math model from test data 
is the most ambitious use of modal testing 

Sandia Nationall.aboratories ~ 



Modal testing is difficult for real systems 

1) nonlinearities 
2) unknown order 
3) time variant 
4) modal density 
5) damping 
6) non-ideal sensors/actuators 
7) boundary conditions 



Modal testing consists of four steps 

Excitation 

1) transient 
2) random 
3) continuous 

wave 

... measurement 

1) transducers 
2) force 
3)ADClDAC 
4) filtering 
5) noise 
6) sampling 
7) block size 
8) windowing 

--... 

9) multiple inputs 

data model 
processing ... estimation 

I)FRF 1) ERA 
2) IRF 2) poly-ref 
3) correlation 3) Q-Markov 
4) aI a1 • 4) lTD spectr an YSiS 5) ARMA 
5) coherence 6) CMIF 

7)MIF 
8)SVD 
9)SDOF 

10) resynthesis 
11) error estimation 

o Each step is important in performing system ID 



Current system identification techniques yield state space 
models 

X=AX+BU 
Y=CX+DU 
performing an eigensolution yields 

11 = [~s~pJ'¥u 
y = q,l1+ DU 

'P is the modal participation matrix 
«Il is the mode shape matrix 
p is a complex pole of the system, - tro T roJI - t2 
m is the natural frequency 
~ is the damping .ratio 

Sandia NaIionaIlaboratories (;J~ 



Sandia personnel have tested a wide variety of structures 
including: 

1) Eol'e wind turbine 111m 
2) piezoelectric motor 
3) polaris missile 
4) optical systems 
5) trucks 
6) missile components 
7) electron microscopes 
8) naval system 
9) lithography machines 



The modal survey of the Eol'e wind turbine 
was the most difficult. 

1) size • (111 m) 

2) environment 

3) ambient disturbance 

4) instrumentation 

5) field test· (Quebec) 

6) excitation level 



We compared frequency response functions I 

S.0E-2 ~~~~_b=J.--~bI-----~IJ--L--=~ 
open loop 
LQGILTR 
optimal projection 

S.OE-OS L----L ______ .JUL...l-L--_______ -.l:.l:1...[I 

8.0 Frequency (Hz) 100.0 

Sanl. Natimallabonltories liI ~ 



We compared impulse response functions I 
0.2 
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I Resources of the modal testing group I 
• 6 engineers, 3 Phd's and 3 MS 
• 2 technicians, 2 BS 
• 3 laboratories 
• variety of instrumentation 
• extensive computer resources 
• controls testbed 

llename:SNL\...2743_02_HD:FrameMater 3.0:JPLaufferJ)ocuments:scsi...Feb:scsLpresentadon 



Active areas of research I 
structural control 

system identification 

force reconstruction 

large scale modal testing techniques 

natural excitation testing 

sensor actuator evaluation 

nonlinear systems 

Filmame:SNLA 2743_02JID:FrameMaker 3.0:JPLauffecDocumencs:scst.feb:scsi-PfeSentadon 



Dynamic Characteristics of the sse 
Dipole Magnet 

February 11, 1992 
Robert Viola 



Vibration and Transportation Studies 

Objectives: 

* Develop and verify dynamic finite element models for 
both the dipole and quadrupole. 

* Use these magnet models in combination with those of 
the support stands in order to predict the magnet 
displacements which will result from tunnel floor motion. 

* Use the results of these studies to modify the design of 
the magnet suspension system and support structures as 
required to minimize vibrational response. 

• Measure the vibration levels that the magnets are 
subjected to during shipping. 

• Measure any loss of alignment or other changes to the 
magnets that occur during transportation. Correlate these 
changes to the shipping environment. 

• Develop support hardware and shipping procedures 
which will ensure that the magnets can be transported 
safely. 



Numerical Models 

Finite element models written in ANSYS 

ANSYS capabilities include: 
* Frequencies and mode shapes 
* Transient response 
* Forced response 

Models constructed using substructures 

Status: 
* All major components built and verified 
* Complete 40mm dipole model assembled 
* Verification in process 



The 40mm ANSYS Dipole Model 

Originally used a symmetric boundary condition to take 
advantage of the magnet's bilateral symmetry. 

Newer model is complete 

Vacuum Vessel constructed of Stif63 thin shell elements. 
Stif43 thick shell elements were used at the reinforcing 
rings and the feet. 

The cold mass skin was represented using thin shell 
elements. 
A series of massive partitions were added to give the cold 
mass the proper weight. 

Post model was developed by Fermilab and also uses shell 
elements. 



ANSYS 4.4 
JUN 25 1990 
17:29:42 
PO S T 1 E L E ME N T S 
TYPE NUM 

YV =0.2 
ZV :: 1 
DIST::8.13~1 

y~ C"7. 094 
zr = -2.25 
CENTROID HIDDEN 



Slt[ (BOT) L[rT SUPPORT --- -------------

ANSYS 4.4A 
AUC 21 1998 
11: 31: 52 
PLOT NO. 8 
POSTI STRESS 
ST[P=l 
IT[R=l 
SIC[ (AVe) 
BOTTOM 
DMX =8.859925 
SI1N =988.989 
SMX =12558 
SMXB=11419 

XV =1 
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Model Validation 

Vibration measurements made using a Hewlett-Packard 
spectrum analyzer 

Mode sbapes, frequencies and associated damping 
detennined using structural analysis software supplied by 
SMS, Inc. 

Numerical model variables adjusted to agree with 
experiment. 
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Comparison of Finite Element and Experimental Results 
40 mm Dipole Cold Mass 

Model Freq. (exp.) Freq. (PEA) 
(Hz) (Hz) 

---------- --------------- ---------------

1 2.50 2.50 
2 3.50 2.71 
3 5.95 6.37 
4 13.71 15.75 
5 25.25 26.12 
6 27.98 28.11 
7 32.43. 35.27 
8 47.44 47.75 



Table 2. Experimental vs. PEA Frequencies/Complete Magnet. 

Mode' Freq (Expt) Freq (FEA) 
(Hz) (Hz) 

1 6.5 5.7 
2 7.5 6.6 
3 15.5 15.6 
4 16.5 16.4 
5 17.8 
6 20.5 25.8 
7 29.6 
8 37.5 39.4 
9 39.0 41.6 
10 44.0 45.1 



Schedule of Work 

* Modify model geometry to reflect the 50mm dipole 

* Predict forced dynamic response of dipole/stand system 

* Model and verify quadrupole 

Longer term ... 

* Magnet dynamic response at operating temperature 

* Measure vibration induced by cryogen flow 

* Modification of the stand to include vibration isolation 



sse LABORATORY 
SIX STRUT SUPPORT & ALIGNMENT sYSTEM 

Dallas, Texas 
Tuesday, February 11, 1992 

Ted Lauritzen 

INTRODUCTION 

VIEW GRAPH 1 (My Name,M.E., LBL, etc.) 

Ted Lauritzen, Mechanical Engineering staff with the Advanced Light Source (ALS) 

Responsible for Survey & Alignment of the accelerator and its beam lines. Also 
responsible for the Stands & Supports for position sensitive items, mainly magnets. 

VIEW GRAPH 2 (Talk Outline) 

Outline of talk 

• What is the Advanced Light Source (ALS)? 
• Where Is It Located 
• Supports - Alignment 
• ALS Design Criteria 
• Six Strut System 
• Different Types Of Struts 
• How The Struts Are Used 
• Advanced Light Source Applications 

VIEW GRAPH 3 (ALS Plan View) 

The ALS is a 1 to 2 GeV light source consisting of: 

• Linear Accelerator 
• Booster Ring about 22m in diameter 
• Storage Ring about 60m in diameter 
• Transfer Lines that connect everything together 

VIEW GRAPH 4 (184" Building Photo) 

The ALS is being constructed under the dome of what used to be LBL's 184-inch 
cyclotron. This is a view of the project site before the start of ALS construction. 

Page lof7 



sse LABORATORY 
SIX STRUT SUPPORT & ALIGNMENT SYSTEM 

Tuesday, February 11, 1992 

VIEW GRAPH 5 (What Are Supports?) 

• Supports Hold Things as we all know, and usually against gravity loading. Since 
most of the position sensitive items ill our accelerator that need holding up are 
magnets, I'll concentrate on them. You start with various sizes of magnets, 
sometimes many tons. Magnets are very carefully designed and put together to 
maintain a specific magnetic field and you just can't grab onto them in any old 
fashion. Magnets do not like to be bent or twisted, but you do have to support them 
and your supports must maintain position. 

VIEW GRAPH 6 (What Is Alignment?) 

• Ali~nment Puts Ma~nets In A Predetermined Location. Magnets want to be 
located at a special place in space, that you can't see or touch, and usually with 
very high positional tolerances. 

VIEW GRAPH 7 (Alignment Tolerances - Best You Can Do) 

Have you ever seen this tolerance requirement before? 

Engineers like to get their tolerances in a little different format, so, for the ALS this is 
what it looks like. 

VIEW GRAPH 8 (Alignment Tolerances ALS) 

(Go over view graph) 

VIEW GRAPH 9 (Fussy Individual) 

REVIEW 
We Now Have A Fussy Individual (Magnet) 
That Worries About How You Hold It 
Worries About Its Shape 
And Its Place In The World 

Sound Familiar? ( Sounds Like My Wife) 
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sse LABORATORY 
SIX STRUT SUPPORT & ALIGNMENT SYSTEM 

Tuesday, February 11, 1992 

CAN WE GET THERE FROM HERE 

SURE WE CAN 

VIEW GRAPH 10 (ALS Design Criteria) 

• Magnets, Supports, Survey & Alignment, A System 

First thing to understand is that Magnets, Supports, Survey, and Alignment 
must go hand in hand. If you design a magnet without supports in mind you can 
find it next to impossible to find a place to grab onto (we have come close to this). 
If you have no fiducials or targets on your magnets, or you put them in the wrong 
place, you can't survey the magnet's location. If you build a support system that 
just holds the magnets up and you need a ten pound hammer to align them you 
will never make it. Magnets, supports, survey, and alignment should be designed 
as a system. 

• Do Not Over Constrain 

First on our list was to support the magnets in such a way as to not over constrain 
them. We did not want the support system to change the shape of the magnets. 

• Position To Ingb. Tolerances 

The support system must allow us to position our magnets to high tolerances. We 
wanted a system that was clean and simple to use, yet alignable to microns. 

• Generic Design 

We wanted a design that could be used on small magnets, 100 pounds or so, and 
large magnets up to 7500 pounds, beamline equipment that require stable 
accurate placement as well as withstanding vacuum loading, and used on 
support structures that held many magnets that could weigh up to 60,000 pounds. 
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sse LABORATORY 
SIX STRUT SUPPORT & AI .. IGNMENT SYSTEM 

Tuesday, February 11, 1992 

• Small Footprint 

Our accelerator design requires the magnets to be very close to each other so the 
support system must not take up a lot of room. 

• Motion Coupling 

Most adjustable support systems have some coupling between motions in different 
planes, but we wanted to minimize this if we could. We have chosen to align our 
magnets with real-time position feedback so a little coupling doesn't hurt us. 

SO WHATS THE MAGIC SYSTEM? 

THE SIX smvr SYSTEM 

Not so magic. This type of support has been around, maybe not in this exact 
arrangement, but it isn't new. 

VIEW GRAPH 11 (6 Strut Sys. Strut) 

Our definition of a strut is a rigid member with spherical joints at each end. It will 
only support an axial load in compression or tension and because of the spherical 
joints at either end it will never see loads in any other direction. 

VIEW GRAPH 12 (6 Strut Sys. 3 Struts) 

We all know that 3 vertical legs are the fewest you can have to support something, but 
with spherical joints on each end of our struts the object can still fall over. Soooo. 

VIEW GRAPH 13 (6 Strut Sys. 5 Struts) 

We add two more struts, parallel to each other, 900 to the vertical struts, to keep it 
from moving in the "X" direction. Again, since the struts have spherical joints at 
their ends, our object can still fall over. 
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sse LABORATORY 
SIX STRUT SUPPORT & ALIGNMENT sYSTEM 

Tuesday, February 11, 1992 

VIEW GRAPH 14 (6 Strut Sys. 6 Struts) 

With the addition of this last strut we now have the object supported and held in a 
specific spot in space. Remember, and this is very important, you remove anyone of 
the struts and it will fall down. 

Now we have a support system that doesn't over-constrain, but as yet won't allow 
alignment. If you make all of the struts adjustable in length you now have a system 
that allows you to change position of the object in all 6 degrees of freedom. If you keep 
all of the struts at right angles to each other you keep the coupling down, but you still 
get coupling. 

WHAT DO OUR S'IRUTSLOOKLlKE 

VIEW GRAPH 15 (LTB Transfer Line Quad. Magnets) 

This shows a couple of small quadrupole magnets and a dipole in our Linac-To
Booster-Transfer Line. Note all six struts. This is our smallest strut. The strut is 
made up with two male rod end bearings and a female threaded tube joining the rod 
end bearings. 

• The rod end bearings are especially made to our specifications. Normal stock off
the-shelf rod end bearings have loose balls. 

• The rod end bearings are all right hand threads with one a course thread and the 
other a fine thread These are Dot turn-buckles. These struts are differentially 
threaded devices and this is where we get the high precision. One tum of the tube 
changes the length of the strut a little less than 1 Mm. 

• At each end of the tube you will notice a shaft collar. The shaft collars will 
squeeze the female thread against the male thread of the rod ends to remove any 
backlash in the threads. 
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sse LABORATORY 
SIX STRUT SUPPORT & AT,TGNMENT SYSTEM 

Tuesday, February 11, 1992 

VIEW GRAPH 16 (5 Ton Strut) 

This strut is a machine screw jack rated at 5 tons. Notice we again use rod end 
bearings. 

Next is our largest strut. 

VIEW GRAPH 17 (20 Ton Strut) 

This strut is a machine screw jack rated at 20 tons. 

VIEW GRAPH 18 (20 Ton Strut With Bearing Cross Section) 

The bearings on the ends are spherical with split outer races separated by a peelable 
shim stack. You can taylor the brake-away torque of the ball with respect to the outer 
races by adding or removing shims. 

Lets put this all together with some photos of actual magnets and girders. 

VIEW GRAPH 19 (Booster Girder With Dipole Magnet Struts) 

This gray table, we call a girder, is designed to support several magnets. Note that 
the girder is supported form. the floor with six 5 ton machine screw jack struts. On 
top of the girder you see six struts waiting for a magnet. Note that the magnet gets 
bolted into place with only six bolts. 

Lets see what magnets bolted (strutted) to a girder looks like. 

VIEW GRAPH 20 (Booster Girders In Tunnel) 

This is what it looks like in our Booster Ring. The largest booster ring girder with its 
magnets installed weights in at over 20,000 pounds. 

VIEW GRAPH 21 (LTB Transfer Line Quad Magnets Cantilevered) 

These small quads had to be close to the booster ring magnets with no room to 
support them from underneath. This is a cantilevered configuration. 
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sse LABORATORY 
SIX STRUT SUPPORT & ALIGNMENT sYSTEM 

Tuesday, February 11,1992 

Lets take a look at where the big struts go. 

VIEW GRAPH 22 (Storage Ring Girder Mounting) 

This picture shows how we use the 20 ton struts. 

VIEW GRAPH 23 (Storage Ring Girder Installation) 

When these girders are in place with all their magnets attached, the entire system 
can weight up to 30 tons. 

VIEW GRAPH 24 (Storage Ring Girder With Magnets) 

See what I mean about being close together. 

To give you an idea on other applications and how the six strut system has worked for 
smaller items lets take a look at the ALB prototype Spherical Grating 
Monochromator installed at SSRL, SLAC. 

VIEW GRAPH 25 (SGM At SSRL) 

Note six strut system holding up the grating chamber. 

VIEW GRAPH 26 (Ted Adjusting A Grating) 

To give you some scale, you can see the size of things with me in the picture. I am 
adjusting one of three water cooled defraction gratings mounted with the six strut 
system. Now lets see one of the gratings up close. 

VIEW GRAPH 27 (SGM Grating) 

These are the defraction gratings before being polished and ruled. They weigh about 
10 pounds each and are adjustable to 0.5 micro-radians with a screwdriver. 

THAT'S IT 
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Six Strut Support & Alignment System ~ ~"e.::ed Ii:! ':'~ht 
Source 

OUTIJINE~ 

* What Is The Advanced Light So'urce (ALS) 

* Where Is It Located 

* Supports • Alignment 

* ALS Design Criteria 

* Six Strut System 

Different Types Of Struts 

* How The Struts Are Used 

* Advanced Light Source Applications 
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Six Strut Support & Alignment System [IJ ~r 'e.::ed 
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WHAT ARE SUPPORTS ? 



Six Strut Support & Alignment System [I] ~' 'e.:'ed Ii:! ':'~ht 
Source 

WHAT IS ALIGNMENT ? 
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ALS Alignment Tolerances 

Degree Of Freedom 

X (Radial) 

Y (Up) 

Z (Beam Direction) 

9x (Pitch) 

9y (Yaw) 

9Z (Roll) 

Global 

Storage Ring 
( Magnet to Magnet) 

Dipole Quadrupole Sextupole 

mm + 0.15 + 0.15 + 0.15 

mm + 0.15 + 0.15 + 0.15 

mm + 0.25 + 0.25 ± 0.25 

mrad + 0.50 + 0.50 + 1.00 

mrad + 0.50 + 0.50 + 1.00 

mrad + 0.25 + 0.50 + 0.50 

1.0 mm 



Support & Alignment System ~ ~r'e.::ed ... ':'~ht 
Source 

We NoW" Have A Fussy Individual (Magnet) 

That Worries About HoW" You Hold It 

Worries About Its Shape 

And 

Its Place In The World 

Sound Falniliar? 

( Sounds Like My Wife) 



ALS Design Criteria 

* Magnets, Supports, Survey & Alignment, A System 

* Do Not Over Constrain 

* Position To High Tolerances 

* Generic Design 

* Small Footprint 

* Motion Coupling 



SPHERICAL JOINT 
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Dynamic Analysis of a Six Strut System . 

R. Bradley Burdick 
Patricia A. Manning 

Engineering Measurements and Analysis 
Engineering Sciences Division 

Presentation to: 
Workshop on Vibrational Control and Dynamic 

Alignment Issues at the Superconducting Super CoUlder 
Waxahachie, Texas 

~~~ 
~~ ~ii'@R1W 

February 11 - 14, 1992 

2'11192 SSCOI 



Background 

• Important to understand the dynamic 
behavior of the strut system 

• Struts are the Ufirst linell dynamic link 
between ambient / operating vibrations 
and the alignment system 

• Need to fully understand how vibrations 
are transmitted through the struts into 
the alignment system 

~~~ 
~~~'ii'©mW 2/11/92 SSC02 



Work Overview 

• Characterize struts in various config. 
Horizontal/Vertical 
Unloaded / Loaded 
20 ton / 5 ton / others 

• Develop analytical/experimental models 
as a platform for future predictions 

Finite Element Analysis 
Forced Response 
Transmissibilty 

2/11/92 SSC03 
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Summary of Progress 

• Significant differences between the 
unloaded and loaded cases 

• Many peaks throughout the analysis 
bandwidth indicate struts may be active 
in frequency ranges of concern 

• Further analysis necessary to understand 
the spatial contribution of each peak 

2/11/92 SSCO. 



Future Work 

• Complete testing on other strut 
configurations 

• Develop modal analysis model to assist 
in evaluating interaction of strut with 
alignment system 

• Incorporate effects of ambient / operating 
vibrations as well as alignment concerns 
into analysis 

2/11/92 SSC05 
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• Technical approach 

• Vibration analysis - Exp. hall floor 

• Design goals/approach 

• Vibration tests 

• Summary/Conclusions 
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Background 

• APS is synchrotron radiation facility under 
"'~. construction at Argonne National Laboratory 

- scheduled completion date is 1996. 

• Positrons circulate in a storage ring that is 
1104 m in circumference; photon beams are 
extracted. 

• 40 identical sectors in storage ring lattice. 

• 5 magnet groupings (sections) within a sector; 
200 sections in total. 

• Storage ring and experimental photon beam 
lines are housed in experimental hall. 

• Magnets mounted on girders which are 
supported off of the experimental hall floor. 

• Girders also support vacuum chamber, beam 
position monitors, and vacuum pumps. 

• Unprecedented precision and stability in 
aligning the storage ring magnets are 
required. 

'--- Materials and Components Technology ---------
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Typical Storage 8eamline Sector 

1 
Horizontal 
& Vertical 
Correction 
. Magnet 

2 
Horizontal 
Correction 

Magnet 

NeG Pumping 
Strip 

~ P 
---------=t.=_ 

.3 
Dipole With 

Trim Coil 

4 
Sextupole and 

Vertical 
. .Carrection 

IM1 = Beam Position Monitor 

5 
Crotch 

Absorber 

P =: lumped Ion and .' Neg Vacuum Pump 

6 
Quadrupole 

Magnet 
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Prototypic APS Storage Ring Magnet Support 
Assembly 
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APS Storage Ring Magnet Support Assembly 
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Vibration Criteria 

• _ Based on requirement that emittance growth 
be limited to 10 per cent. 

• Quadrupoles most sensitive relative to orbit 
distortion and emittance growth. 

• Three different scenarios considered; 
maximum allowable vibration amplitudes are 
as follow: 

Vibration Type 

Single Quadrupole 2.20 1.29 

Random (all quads) 0.34 0.12 

Plane Wave (V=306 mis, fin Hz) 

f < 2.2 16.1 4.4 
2.2 < f < 4.6 16.1 4.4-0.28 
4.6<f<7.7 16.1 0.28 
7.7<f<13.5 16.1-0.90 0.28 

13.5 < f 0.90 0.28 

OH and Ov are peak horizontal and vertical 
components, respectively, of magnet 
vibration. 

Materials and Components Technology ----------" 



Vibration Criteria (cont'd)" 

• Low frequency vibration « 10-20 Hz) can be 
corrected with feedback systems using 
steering magnets; amplitudes must still be 
within dynamjc range of feedback controls. 

• High frequency vibrations (>10-20 Hz) must 
satisfy the vibration criteria. 

• Criteria for random motion of all quadrupoles 
are most stringent and are assumed as the 
vibration criteria to be met for the APS. 

• In terms of RMS displacement, for a 
Gaussian random motion, the APS criteria 
for maximum allowable vibration of the 
storage ring quadrupoles are 

OH < 0.11 J..Lm, 

Ov < 0.04 Jlm. 

[Thickness of a sheet of paper is - 50 - 100 Jlm] 
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Technical Approach 
VIBRATION STUDIES IN SUPPORT OF 7-GeV APS 

... ...... 

Design of 
Experimental 
Hall and 
Foundation 

Attenuation 
Characteristics 
of Soil 
(Geometric and 
Soil Damping) 

Design of 
Magnet Support 

~~-~ Structures 
(Dynamic 
Characteristics) 

Provide 
Additional 
Isolation for 
Internal Sources 
and/or Magnets 

External 
Geotechnical Excitation 
Investigation I / (Ambient 
(Soil Properties) 7 .L--_G_r_OU_n_d_M_o_ti_o_n_)--, 

Foundation Internal Excitation 
Vibration (Pumps, 

I---~ - (Floor Response to .... -_._--1 Compressors, 
Externalllntemal Coolant Flow, Etc.) 
Excitation Sources) 

Magnet Vibration 
(Response to 

"---..-.04- Extemalllnternal ... -__ --of 

No 

.. No 

Excitation 
Sources) 

Acceptance 
Criteria· 

Acceptant! 
Criteria· 

Yes .. 

, Yes .. Facility will 
Operate Free of 
Vibration Problems 

Internal 
Excitation 
(Coolant Flow, 

Construct 
. Experimental 
HaUand 
Storage Ring 

Monitor Vibration 
Response 
(Floor and 
Magnets) 

*Vibration acceptance criteria: for f > 10-20 Hz; peak vertical amplitude < 0.12 Jl"1, 
. peak horizontal amplitude < 0.34 pm 
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Vibration Analysis 
Experbnental Hall Floor 

• Equivalent lumped parameter modelling 
based on elastic half-space theory. 

Example - vertical mode: 

- --- => - - - -- --- ---j-----
G,p,v 

m 

k _ 4Gro 
z- I-v 

2 _ 3.4 ro c::riG 
Cz - Vp"-X 

I-v 

• Large plan dimensions => large damping => 
magnification factor small. 

• Support floor slab on grade. 

• Can expect floor slab to follow ground motion 
with little or no magnification; "waveform 
averaging"suggests response will be less. 

Materials and Components Technology -------:----' 



Design Goals 

• - Avoid the potential for magnification of floor 
motion. 

• Minimize response to internal excitation 
sources such as flow in coolant water flow 
headers. 

Approach 

• Iterative procedure involving design, 
analysis, and testing. 

• Scoping analyses based on both simple 
lumped parameter models and finite element 
models. 

• Vibration tests with and without magnets 
simulated. 

'-- Materials and Components Technology ----------' 



Vibration Tests 

• Determined vibrational characteristics 
(natural frequencies, modes, and damping) of 
girder/support assemblies; with and without 
magnets simulated. 

• Evaluated two different support 
arrangements. 

• Measured response of girder/support 
assemblies to ambient floor motion. 

• Evaluated effects of coolant water flow. 

• Evaluated vacuum chamber supports and 
dynamic coupling with girder/support 
assemblies. 

• Determined response of individual 
magnet/support assemblies and coupling 
with girder/support assemblies. 

Materials and Components Technology ---------



Theoretical and ExperiInental 
Frequencies: A Comparison 

Table 5. Natural frequencies (Hz) Test D: configuration B - without magnets 

Out-of-Plane Mode 

Theory 

12.6 
18.3 
64.0 

212.7 
419.9 
521.6 
833.0 
907.3 

EX12~riment 

12.6 
22.7 

212.7 

393.0 

In-Plane Mode Axial Mode 

Th~Qr~ EX12~rim~nt TheQry EX12erim~nt 

49.6 63.5 14.8 
71.2 666.5 

138.3 132.0 
355.9 358.0 
656.6 

Table 6. Natural frequencies (Hz) Test E: configuration B - with magnets 

Out-of-Plane Mode 

Th~Qry EX12~rim~nt 

5.7 5.0 
7.8 8.3 

62.4 53.6 
103.2 
241.5 361 
419.5 
539.6 

In-Plane Mode Axial Mode 

TheQry 

21.2 
29.6 

EXlleriment Theory EX12eriment 

6.1 
36.8 284.8 

67.0 87.6 
165.5 
396.2 
485.8 

Materials and Components Technology ----------



Support Configurations Evaluated 

• 
• 
Configuration A 

• 
• 
Configuration B 

• 

• 
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Response to Ambient Floor Motion 

Table 10. Response (Jlm RMS) to ambient floor motion (10 - 100 Hz range) 

Horizontal Vertical 

Floor 0.012 0.018 

Girder* 0.032 0.034 

* Horizontal displacement is measured at node 11; 
vertical displacement is measured at node 1 

Table 4. Displacement Response for Ambient 
Excitation (Wideband, Test 3) 

Measurement Position 

X,Magnet 
Y,Magnet 
Z,Magnet 

X,Floor 
Y,Floor 
Z,Floor 

Displacement,microns,rms 

0.114 
0.526 

0.0871 

0.0711 
0.0529 
0.0319 

Table 5. Displacement ReSponse for Ambient 
Excitation (7.62 Hz, Test 3) 

Measurement Position 

X,Magnet 
Y,Magnet 
Z,Magnet 

X,Floor 
Y,Floor 
Z,Floor 

Displacement,microns,rms 

0.0368 
0.5 

0.0282 

0.0428 
0.0392 

0.000428 
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Summ.ary/Conclusions 

• Storage ring girder/support assemblies 
represent a complex system from structural 
dynamics standpoint: second order effects are 
important (e.g., clearances and component 
interfaces) - many degrees of freedom - large 
mass (> 6,800 kg) with a high center of gravity 
- interest is in extremely small motions (on 
the order of 0.1 J.1m). 

• Girder bending/torsional modes are high 
(typically> 100 Hz) => for lower modes of 
interest, flexibilities of the pedestal supports 
are controlling => can consider girder and 
magnets as rigid body. 

• Analytical modeling useful for preliminary 
design - vibration testing of prototypic 
hardware under prototypic conditions is 
required. 

• For the two support arrangements tested, the 
results were comparable. 

• Coolant flow through headers attached to the 
girder has measurable, but small, effect on 
response. 
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Sununary/Conclusions (cont'd) 

• Design with jack-screws-on-pedestals is 
marginal: frequencies in range of concern (10 
-80 Hz) - inherent uncertainties in alignment 
of jackshaftlscrew assembly can lead to 
variable/unacceptable response. 

• Stiffer, more predictable, support assemblies 
recommended - concrete pillars suggested 
(rigid, massive, low damping) - project 
determined not practical. 

• Support assembly redesigned with goal to 
keep fn > 80 Hz: jack-screws replaced with 
sliding-wedge jacks; stiffened I-beam 
structure. 

• Vibration tests of redesigned system recently 
completed - results are bejng analyzed. 

• Reasonable to expect girder to follow floor 
motion in vertical direction with an overall 
RMS amplification factor of approximately 2 
in the horizontal directions. 

Materials and Components Technology --------
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DV 10 Feb 

Presentation to Workshop on Vibrational Control and Dynamic Alignment Issues at the 
sse -

3 months before commissioning at the moment of the alignment of final focus quadrupoles 
from a survey point of view will be 3 axis 

1) machine nonh of experiment 
2) machine south of experiment 
3) experiment installation axis (established -3 years ago) 

Aim - render 1&2 collinear/smooth (no dogs-legs) and as close to 3 «3nun) as is possible 
without distorting geometry of machine 

Link between two segments of machine 
1) survey passage through experiment - not acceptable physics 
2) survey passage through vacuum chamber 
3) around experiment - inevitable loss of precision 

Present option - optical measurements by vacuum chamber 

Will require 
1) removable sections of vacuum chamber near low beta quad to allow insertion 

alignment telescope, human head 
2) observations through vacuum to avoid refraction, optically flat window on vacuum 

chamber, adjustable to render perpendicular to line of sight of alignment telescope 
- minimum diameter of beam pipe 

3) stable support for alignment telescope! !! !! (must be dissociated from movements 
of operator, others on bridge) 

4) time!!!! (several days) 

Will yield tenths of nun 

Problem 
1) non-redundant method on a crucial measurement 

Maintenance - reestablishing alignment after shut-down 
1) optical methods with human operator may not be possible after commissioning 

because of residual radiation 
2) relative measurements using interferometer from "fixed" stations on cavern walls 

to re-establish position machine had just before the shut-down 
- but convention of cavern walls, temperature effects 
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Prognosis for an 
Automated Alignment System 

Robert E. Ruland 
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(a) Straight Sections 
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Hinge Point 4 



FFTB Alignment 

3 Goals: 

, Initial Alignment 

" On-line Monitoring 

" Reconfiguration 



Initial Positioning 

Global Position of Hinge Points 

x < 2000llm 

Y < 200 11m 

Relative Position of StraIght Sections 

x < 10011'" 

Y < 30"", 

x < 30"", 

Y < 10"", 



On Line Monitoring 

Minute to Minute 

x < 2"", 

Y < 2"", 

20 Minute Basis 

x < 10"", 

Y < 5"", 

StMtard UnIIIIr Accelerator Cent.
~ end MQlIIYIMt Group 
.JftI.-y 28, '182 



Reconfiguration 
(Weekly Basis) 

Required 

x < 100llm 
Y<30pm 

Oeslred 



Fresnel Target laser Point Source 

Diffraction Image 1 



Geometry of Laser Reference System 

Sectors 3,7 ..... , Stations 
"....-A--.. 

Lase, Point Source 
FFTB \ 

Laser Stations \ 
~.~ 

/ 
FFTB 
Beam Un. 
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(b) Layout of Beam, Monuments, Laser Stations 

Slope 5 mradians 

Monument for Conventional Network .. / .............. -...... . 
Laser Station / . 

~ ~ ~ ~ ~ ~ -~ ~---$-~~~-f~-

Iron Shelldlng 

1025 ft 

I.P. 6 ft 

\ 

SIInbd lhIar Accelerator Center 
Slney n AlIgnment Group 
January 29, 1892 
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Laser Station ~ 

.. 

~ Laser Tracker 
Unear AoooIerator Conter 

; end AlIgnment Group 
January 29, 1992 



Laser Station ~ 

, Water Hydrostatic 
Level - Master 

• 

StInfont lhIer AcceIeraIor Center 
8uNey and AIgnment Group 
J....y29.1892 



FFTB Alignment Error Budget: 12/5/91 

Initial Alignment 

Item Contribution to error in microns 

Change in position of magnetic center: 2 ". 
Node finding wire to magnetic center: 2 'I-

Node finding wire to microscope fiducial: 3 
, 

Microscope fiducial to tooling frame fiducial: 12 I'+'f 

TOOling frame fiducial to laser station fiducial: 10 100 

Laser station fiducial to Fresnel target fiducial: 10 ,00 

Target fiducial to optical center of target: 2 .,. 

Detection of image: 2 &J 

Actuator non repeatability: 4 
" 

Z position of laser stations: 2 
, 

Movement of laser over one cycle: 7 'f~ 

Quadrature Sum: 21 
Required: 30 Y-axis 
Desired: 10 Y-axis 



Quad~ 

8-90 

{a} 

Laser 
Station 

{b} 6711A3 
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Split Planes 

Wire Position Monitor 
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/; 
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Wire 

Blanford tn. AocoIoraIor Cent. 
Slney end Allgrwnent Group 
AprI10,1991 
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Error Budget: 

On-line Monitoring (minute to minute) 

Item Contribution to error in microns 

Change in position of magnetic center: < 1 

Non systematic motion I distortion of wires: 

Wire position monitor resolution: 

Thermal gradients In tooling frame: 

Response time of the control system: 

Quadrature sum: 
Goal: 

On-line Monitoring (twenty minute) additional items: 

Roll, yaw of wire terminator (20 min): 

Drift of bridge sensors (20 min): 

Roll of actuator (20 min): 

Actuator non repeatability:' 

Detection of image: 

LlU~ R~I li"e i~9fqb;li{, 
Quadrature sum: 
Goal: 

1 

<1 

<1 

<1 

<2 
<2 

<1 

<1 

<1 

4 

2 
I 

<5 
<5 



~ Las.er Station 

~Bridge 

Stretched Wire 

Beamllne SIMford linear Accelerator Center 
s.n., Met AlIgnment Group 
Janu.y 29, 1992 



Error Budget: 

Reconfiguration (weekly) 

Item Contribution to error in microns 

Change in position of magnetic center: 

Change in position of tooling frame (weekly): 

Wire position monitor drift (weekly): 

Non systematic motion I distortion of wires (weekly): 

Roll, yaw of wire terminator (weekly): 

Drift of bridge sensors (weekly): 

Roll of actuator (weekly): 

Actuator non repeatability: 

Movement of laser over one cycle: 

Quadrature sum: 
Required: 
Desired: 

5 ZS 

3 
, 

10 100 

3 Ii 
3 f 
2 4 
3 , 
5 2S" 

7 ¥f 

16 
30 V-axis 
10 V-axis 



ON-LINE GEOMETRICAL CONTROL 

OF LHC LOW-~ QUADRUPOLES 

PRELIMINARY APPROACH OF POSSmLE SOLUTIONS 

Micbel MA YOUD & Jean-Piem QUESNEL 
widt contributions from Wimamc CooSCIDans 

CERN - Geneva 

1 - Quick review 0/ JHUI or present situations inlSR, SPS and LEP 

2 - Recent developments or trends/or new instruments and methods 

3 - Possible schemes of measurement 



1 - Quick review of past or present situations 

-JSRandSPS 

AlIgnment oflow-P sections using CERN techniques. pushed to 
tbelrtJast. •• 

Typically, 8 r = 8 Z S 0;08 mm •• I8IatIve transverae eR'OfS ·(nns) 
after smoothing. 

In tile ISH, (tentatIVe) remote control of the alignment, ilsing 
motorized Jacks. 

Again a "classical II refinement of radial and orthogonal positions, 
derived trom a careful smoothing scheme of measurements in thelow·~ 
area ••• _.8UT ••••• in two -poInts, the·experlment has been settled before the 
IOw-p m_gnets ==> haR-bllnd alignment ==> the resulting colinearity 
depends On how good the-reference network·ls._ 

One shut'!iCiown·later9 Jtproved.to be.not so bad I 

-In addition, along the last (overnanglng) girders, hydrostatic 
levels and movers ·have been InstaHed ·for the on-line Z control of some 
super-conductlng Quads. 



2 - Recent developments and trends •.• 

cue Is a very demanding project, regarding alignment too. CERf'-
"Survey Group" is working more and more deeply In that new field 0 
investigation, running after tractions of mtcrons with various actuator! 
and sensors. 

. 
The conslderalion of CLIC and LNC alignment problems has Ie( 

to develop (or Implement) a new ·famlly of Instruments arid·metllods 

- OptIcal syatem8 : RASNYK (fromNVKHEF,:Netbertands) 
UVAS ( Under Vacuum .AIIgnment 
System) 

- Off-set devJce: CBOS (capacitIve BI-axJaI Off-set 
System) 

- Hydrostatic system: HAC (Hydrostatic AltI-CIlnometar) 
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Two-in-one 
Magnet 

• (P) Prism 
• (Z) Zone plate 

Low-8 Quadrupoles CCD 

-25m =25m .. .... ... .. ... 
=40m 

LAYOUT OF MEASUREMENTS 
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External target and wire detector 

Offset 1 "-
Wirel '\. 

Wire 2 
Offset 2 

Screw 

Laser beam 

Vacuumtank ~ 

I 
I 
I 

Zero of the wire detector 

--------------------

Motor 
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LASER AND WIRE DETECTOR 
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IJ IInure SANS CONTACT. jJrecisl et rapidl 

HYDROSTATIC LEVELLING SYSTEM (H.L.S.) 
H.l.S. are designed for continously measuring - without contact - vertical positions of each 

sensor with respect to the horizontal place defined by the water surface; vessels are communicating 
and water levels are equal because air pressure is the same for all ve:;sels, wtlatever the local 
atmospheric pressure (vessels can be several km apart). 

Water surface is very well sensed by capacitance-based sensing because water is a good 
enough electrical conductor. 

Sensors have an excellent long term dimensional stability because they useglass-metal sealing 
technology; sensors also are fully waterproof. 

SPECIFICATIONS Of H.L.S. SENSOR 

ESBE Specs. 

- range of measurement: 2,5 mm 
- frontal distance between sensor and water level: 6 at 8,5 mm 
- output voltage (differential output) : 0 V. at6 mm 

- band width: 
- resolution: 
- analogic linearity: 
- linearity after numerical correction: 

10 V. at 8,5 mm 
0-10 Hz 
0,1 J.lm 
± 3 J.1ll1 
± 0,2 J.1ll1 

other possIble sets of specs, 

7mm 
5 to 12 mm 
OV.at5mm 
10 V. at12 mm 
0-1 Hz 
0,1 ~ 
± 4 JJ.In 
±O,5J.lm 

15mm 
5 to 20 mIT! 
o V. at5mm 
10 V. at 20 mm 

± 0,3 J.lfTl 
±10J.lm 
± 1 !lm 

SPECIFICATIONS Of THE PT 100 THERMOMETER 

- range of measurement: 25° C, with output voltages (non differential) : 0 VoH for' 0° C ; 10 V j:::r 35" C 
- sensitivity 01 measure 40 mV for 0,'0 C 
- absolute error :-:; ± 0,50 C 
. relative error s ± 0,1 0 C 

SCHEMATIC DRAWING Of H.L.S. 

Air pressure equilibrium 

Water level 
(reference of horizontal plane) 

non-contact 
capacitance-based 
distance mea~urement 

Equalisation of water 
levels in each vessel 

Index 08. representation 1 



Connection to PC 
Driven 
Acquisition System .. 

Air pressure equilibrium 

Capacitive 

\Vat\!r level 
Reference of 
horizontal plane 

sensors 

Vessel 

.. 
Tilted plane 

- Able to measure heights and angular parameters (tilt, slope) 

- Prototype with 5 sensors, to be tested soon 

Capacitive 
sensors 

CERN/FOGALENANOTECH 
"ALTICLINOMETER " 
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Kinematic Cam Positioning Mounts 

Gordon Bowden, SLAC 

SLC - The first 2 beam high energy physics accelerator to collide 5 J-L 

beams required remote positioning mounts for the final focusing quadrupole 

triplets. 

Desirable Features 

• Micron positioning resolution. 

• Distortion free support - no bending moments, tensions or compressions 

transmitted to the pre-aligned triplet of quadrupoles. 

• High stiffness to avoid J-Lseismic amplification - no long struts. 

• Heavy load positioning capabilties - 6 tons. 

• Fail safe - bounded excursions, no limit switches required. 

• Power off position stability - no holding voltages or currents required. 

• Compact and cheap. 

Features Not Required 

• Fast dynamic response - minutes are good enough for adjustment of 

magnet position. 

• Precise linear orthogonal response - beam guided iterative adjustment 

requires only simple relative shifts in position. Lack of orthogonal mo

tions is no problem for computer control. 

• Large ratio of re;:l:1ion not needed - i ~::: is sufficient to bridge the 

gap between installation alignment and operation. 



Kinematic Mounts -Lord Kelvill, 1880's 

Standard Static 

Layout 

Adjustable Cam 

Support 

~ 
I I • 

• x,y,x,cp,B,'lj; 
• 6 degrees of freedom 

• 6 contact points 

• distortion free -

no over constraint 

• 6 rotatable cams 

• .limited positioning 

• backlasll 

loaded out by gravity 

Cam Roller Bearing Support 
backlash free pure rolling motion 

Cam Lift 

1-2 mm -'----+-+.f-a-.~ 

Spherical Roller Bearing 
outer race fixed in contac1 

with load 

eccentric journals 



5.2 m 

SLC Final Triplets 

1985 

0.5 ill 

. ~per motor driven cam 

• Length 17 ft, weight 6 tons. 

• 5 axis positioning in x, y, roil, pitch and yaw. 

• Z position restrained by shoe grip on cam #3. 

• Cam lift 1.5 mm (.062 in) 

• Positioning drive by 18° ,10 in-Ib steppers through 650:1 planet and 

worm reduction. 

• Position resolution better than 5 J1m using cam shaft potentiometers. 



Rear Cam-Motors 

Machine Tunnel 

SLC Quad Triplet Support 

1987 

Front Cam-Motors 

Concrete Support Pier 









Position Algorithms 

• Transform from position to desired cam angles is a a 3 step process. 

X Xl X' 1 81 

!I A !II B !I~ C 
82 

4> X2 x3 83 

8 Y2 Y3 84 

a a a 85 

• Transformation is neither linear or orthogonal 

• Simple 2 dimenstional projections of the triplet axis through support 

planes reduces problem to 2 dimensional trigonometry - an accurate 

approximation for long support barrels with small pitch and yaw. 

IP 
CAMI2 
SUPpbRT 
PLANE 

CAM 3.4.5 
SUPPO~7 
PLANE 

IJ .... 



Cam Positioning Geolnetry 

rl'd ('" 
: %,!:I/, 

L 

CAM 2 

Front Support Geometry 

BARREL 

C 

l: 

CAM3 

Rear Support Geometry 



7 
Shaft Angle Equations 

O . -1 (Ci) -1 (ai) i = SIn di - tan bi 

where 

a' , bi c, 

61 -2L(SI + xD -2y~L (Rl + R2)2 - L2 - si - 2X~SI _';2 _ y~2 

62 2L(SI -~) -2y~L (Rl + R2)2 - L2 - si + 2X~SI _ ~2 _ y~2 

63 sin(o: + ¥) -cos(o: + ¥) t [(S2 + x3 - ~33) sin(~ - 0:) - Rl] 

64 -sin(o: +~) cos(o: + ~) t [(S2 - x3 + ~33) sin(o: +~) - Rl] 

65 - sin 0: cos 0: t [H4 sin (0: + {3} - RIJ 

m4 - tan(o:+~) (10) 

m3 - tan(o: - ~) (11) 

{3 - Arctan ( Y3 + C cos 0: ) 
283 - X3 + C sin 0: 

(12) 

Hoi - [. ] 1/2 (Y3 + C cos 0:)2 + (283 - X3 + C sin 0:)2 (13) 
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Summary 

• Design is fully kinematic and free from play. 

• No backlash- all drives are gravity loaded. 

• Cam's cyclic motion has natural limits. No stops are needed. 

• Design easily carries heavy loads 

• Loads are translated by pure rolling motion with low hysteresis. Reso

lution is better than IJ.l m in 1 mID. 

• Concept is easily adapted to a broad range of magnet dimensions and 

positioning requirements. 

• Standard roller bearings are precision components at a low price. 

• The required control programs are easily integrated into a modern ac

celerator control system. 



ILSE Alignment 

Induction Systems Experiments 
Conceptual Design Report Engineering Review 

Lawrence Berkeley Laboratory 

presented February 12, 1992 at the 

Workshop on 
Vibrational Control and Dynamic 

Alignment Issues at the SSC 

Lee Griffith 
Lawrence Livermore National Laboratory 

1I 
with major contributions from 

Fred Oeadrick LLNL 
Martin Fong LBL 

and Craig Peters LBL 
ILSE /SSe 2110/92 I 



The purpose of this talk is to explain the alignment 
concept and describe the key operative features 

• What is the concept 

• How do we identify the field axes 

• How is the field axis related to the 
reference axis 

• What are the key features of the 
calibration table 

• How are electrostatic components 
aligned 

• How are magnetic components aligned 

• How are diagnostics aligned 

• Can we achieve the tolerances 

• What will it cost 

IlSE 1124192 b 



The parallel wire alignment scheme will interface with a 
similar system for the bend and drift section 

Alignment reference monu.ments 

I 

:= : : II I I: I I '" I,:: I II I 

ILSE 1/29192 c 



Offset measurements from the fiducials 
to the field axis are crucial 

Yoffset 2 

X offset 

Yoffset 1 

~----... X offset 

15 

> -_ 10 
::::I 
C. -::::I 5 o .. 
~ 0 
CD 
G) 
Q -5 

100 . 0 . 
o 5 

ILSE 216192 b2 

Fiducials are 
photoelectric proximity 
switches (PEPS) 

1 . 1 . 
o 5 

Position 
(mm) 

2 . 
o 

2 . 
5 



Each accelerator component, as well as modules of components, 
is aligned relative to two parallel wires 

Reference alignment wires (RAW) 

Alignment monument 

• Each component has 4 fiducials which 
produce enough information to determine 
transverse position and pitch, yaw and roll 

• Each component is independently 
controllable with 6 degrees of freedom 

• Each module of components is 
automatically controlled on 5 axes with 
feedback from 4 fiducials 

aSE t /25/92 d 



The injector is internally aligned via mechanical tolerances 
and the beam axis is optically identified with the aid of a template 

• The injector alignment is determined by the machining tolerances of the field plates. 

• The field plates are assembled on steel rods, which protrude from each end. 

• Templates, with optical fiducials, are fitted onto the steel rods at the beginning and end 

End view Alignment and 
assembly rods 

Optical targets 
coincident with beam axis 

Injector 

IlSE 1125192 , 



A calibration and assembly table allows the field centerline 
to be related to external fiducials 

Metrology board 

Alignment scope 

Stretched Wire 
Alignment Technique 
SWAT 

Calibration Referrence 
Alignment Wire 
CRAW 

ILSE 11 27192 g 



The metrology board has several measurement features to 
relate field axis to the external reference axis 

Optical alignment Metrology board 
references 

SWAT translation 
stages 

Wire holder 

CRAW translation 
stages 

Wire position 
touch tooling 

IlSE 1/27192 h 



Each section of ILSE is initially aligned on 
the calibration table 

The injector is moved on the calibration 
table until the optical fiducials in the 
alignment templates are aligned with the 
optical references of the metrology boards 

External fiducials After the injector is aligned on the calibration 
table, the external fiducials are set relative to 
the CRAW 

IlSE 1/271921 



The accelerator reference alignment wires (RAW) are 
separated by the same distance as the CRAW 

Ball-end differential screws 
provide 6 way adjustment of 
individual components 

Motorized adjusters, similar 
to those on ALS, are 101'1---..... ........ 

to automatically rr'anipulate 
modules 

____ - The eRA Wallows us 
to adjust the fiducial 
position to match the 
catenary deflection of 
the RAW 

IlSE 1127192 J 



The electrostatic quadrupoles are first aligned in pairs 
using tight mechanical tolerances 

Alignment of quadrupole pairs 
is checked with a coordinate 
measuring machine 

Electrodes---

Ceramic coupling 

ILSE 1/27192l 



The electrostatic quadrupole pairs are aligned on a strong 
back using optical targets that are supported on the electrodes 

External fiducials are 
linked to components 
and modules 

ILSE 1/28192 m 



The field axes of the magnetic quadrupoles are located with the 
Stretched Wire Alignment Technique (SWAT) 

Photodetectors 

1 Millisec Current Pulse 
On the Wire SL ....------. 

Horizontal 
L-_~ Detector Amp 

Vertical 
Detector Amp 

HP 2148 
Pulse Generator 

DG535 
Trigger/Delay 

Generator 

Graphic from document by Fred Deadrlck 
IlSE 213192 



The field axis changes between the electrostatic and 
magnetic focus sections 

Beam transport component 

Fiducials at 
four corners 

IlSE 1128192 0 



Beam diagnostics are aligned and calibrated 
as they are assembled in the module 

Noninvasive 
beam 
diagnostics 

. The SWAT wire 
simulates the beam 
during calibration 

Invasive 
beam 
diagnostics 

Optical targets 
permit alignment 
of insertable 
diagnostics 

IlSE 1/28192 P 



What are the tolerances and how is the 
tolerance budget distributed 

+ 

Transverse positional tolerance 100Jlm 

Longitudinal tolerance fit 

Angular (tilt) tolerance 1 mrad 

+ 
I~~ T 2 a < 100 !lll1 

Ideal axis 

Component 
axes 

Error Budget 

Catenary 
PEPS fiducial resolution 
PEPS temporal drift 
PEPS temperature drift 
Fiducial offset creep 
Offset thermal expansion 
CMM 
Individual quad center 

to array center 
Optical target 
Alignment scope 
Alignment correction 

threshold 

[l:02 ]1/2 

B 
5J.lffi 
2J..1m 
10 J..1m 
10J..1m 
30J..1m 
20J..1m 
1 J.lffi 

25 J..1m 
25J..1m 
50J..1m 

20J..1m 

= 75 Jlm 
IlSE 2/3192 q 



Ground Motion due to CHL 

Central Helium Liquifier 
Worthington Compressor 
4000 horsepower Elliot electric motor 

Source 
approximately 250 microns @ 277 rpm == 4.62 Hz 

Distance 
approximately 200 meters 

Main Ring 
Stand magnet resonance 
Apocryphal 1/16" to 1/8" 
definitley feel the motion 

fix was simply to change the spring constant of the system 

Tevatron 
Magnitude of motion = 20 microns 
Modulation of the spill at 4.62 Hz 
Fix: run cycle time at a multiple of 13/15 seconds 
Numerology: 13/15 = .8666 I: 4.001 

1/4.616 - .2166 
Oscillations repeatable on cycle to cycle basis and extraction 
learning algorithm was able to substantially reduce the effect. 



Fermi National Accelerator Laboratory 
STS project No. 120S0-BC 
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TABLE III 

Vibration Measure.ent Results 

Location 

1. Northend, west side 
on foundatio~' 

I 
Northead, wJst side 
on foundatiOn 

// 

North.nd, west side 
on ..f'6undation 
/" 

2. 1Northend, west side 
on floor slab 

Northend, vest side 
on floor slab 

Northend, west side 
on floor slab 

3. South.nd, west side 
on fOUildation 

soutbead, veat aide 
on fOUildation 

southend, -west side 
on foundation 

4. soutb.nd, weatside 
on floor slab 

Soutb.Dd, veat aide 
011 floor alab 

SoutheDd, we.t aide 
on floor slab 

Orientation 

Vertical 

North-South 

Bast-west 

Vertical 

North-South 

East-west 

Vertical 

North-South 

Ba.t-west 

Vertical 

North-south 

Bast-west 

Frequency, HZ 

4,6 

4,6 

4,6 

4,6 

4,6 

4,6 

4,6 

4,6 

4,6 

4,6 

4,6 

",6 

Amplitude, Mils 

13.1, 1.9 

6.9, 1.6 

14.7, 2.4 

6.0, 1.4 

4.3, 1.8 

16.4, 1.0 

5.4, 0.7 

1.9 

1.7 

14.9, 1.5 

1.3 

2.3 

aecause the long axis of the foundation ia north-south, it would 
be expect.d to ae. the ea.t-w.at coaponeat larger than the 
north-south at the operating frequency. Ybis is not, bowever, 
consistant suggesting that other vibration"interference .ay be 
occuring. 



Fermi National Accelerator Laboratory 
STS Project NO. 120S0-BC 
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TABLE II 
Dynaaic Soil Properties 

Froa Cross Borehole Testing 
Beliua Liquefier Addition 

Coapression Shear 
lnsitu Wave Wave 
Density Velocity Velocity 

Shear 
Modulus 

Depth Pcf Vp,fps Va,fp. G,psf 

6' 128.1 3457 479 9.1 x 105 

9' 130.7 2940 551 12.3 x 10' 

14' 130.5 2800 794 25.6 x 10' 

19' 141.4 2681 825 29.9 x 10' 

24' 141.5 5433 1025 48 x 10' 

28' 139.2 6863 1076 50 :& 10' 

Poisson's 
Ratio 

y 

.49 

.48 

.46 

.45 

.48 

.49 
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Luminosity Monitoring 
As a Feedback Signal 

Tony Liss 
University of Illinois 
Feb. 12, 1991 
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nominal interaction point (about 20ft 
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BBC luminosity was used as an accelerator 
monitor during squeeze and after in order 
to measure luminosity lifetime (and try to 
understand emittance growth). As a 
monitor of accelerator conditions it was not 
very sensitive (except when the luminosity 
was very lOw). The sensitive monitors were 
lost p and to a lesser extent lost pbar. 

11@®il rp~ 
. 6 proton bunches per 21 J..ls with 

typically 1010 protons/bunch ~ 
2.86 x 1 015 protons/sec . 

. ' 

Lost P rates of 2-3 kHz ~ loss 
sensitivity of - 1/1012 of proton 
beam. 

The rates of lost P are not understood 
in any kind of fundamental way. It has 
been noted that if anything is changed 
with regard to accelerator tuning lost P 
increases. 
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What To Do At SSe? 

• Need Lost P like signal for best 
sensitivity 

- But careful placement is necessary to 
reduce backgrounds from beam-beam and 
halo from other direction. 

• With 16ns bunch spacing optimum 
monitor plane position is N(16)+4ns 
from nominal interaction point. 

- Very fast gating is needed so that hits from 
opposite beam and interactions are not 
counted in the halo gate. Yet another sse 
challenge in fast electronics. 

• Lost P monitor need not be at an 
interaction pOint 

- In fact it's better if it's not since downstream 
side is always hit at interaction time (by 
definition). 



Conclusions: 

• Luminosity Monitoring as such is 
probably not a sensitive enough 
monitor. 

• A loss monitor which detects 
particles travelling with the 
incoming beam but outside the pipe 
has been used at the TeVatron with 
a sensitivity of 1 part in 1012• If 
optimized for the task it could 
probably be made at least an order 
of magnitude more sensitive. 

• Implementation at the sse requires 
scintillator planes (N+O.S) bunch 
spacings apart. This in turn 
requires very fast gating. 
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PROBLEM STATEMENT 
.i (t) = Ax (t) + pu (t) + q>w (t) 

yet) = Cx(t) (2.1) 

x(o) =xoEH is given 

Ce L(H,H) p e L( U, H) q> E L(W, H) 

MILD SOLUTION 
x = ABu+A<J)w+j (2.3) 

2 2 2 H = L (0,00;H) U = L (O,oo;U) W = L (0,00;W) 

INTEGRAL OPERA TOR 
t 

(Ax) (t) = fS (t - s) x (s) ds 
o 

MULTIPLICATION OPERATORS 
(Btl) (t) = pu (t) 

(<J)w) (t) = q>lV (t) 



"DISTURBANCE-AUGMENTED" COST FUNCTIONAL 

MULTIPLICATION OPERA TORS 

where 

(NU) (t) = Nu (t) 
(MU) (t) = Mu (t) 

Ne L(U, U) 
Me L.(W, W) 

UPPER VALUE OF DIFFERENTIAL GAME 

J = in! sup J(u, w) 
o u e U w e W (2.5) 



(PI) Find 

such that 

Jo = in! sup J (u, w) = J (uo, wo) 
u E U W E W (2.6) 

SATISFYING THE GOVERNING EQUATIONS 

° ° ° x = ABu + A<I>w +! (2.3) 

(P2) FIND CONVERGENT APPROXIMATIONS 



(HI) (Nu,u)U > dlllull~ 

(H2) (Mw,w)W > d211wll~ 

(H3) BlVl B* - e<I>Arl<I>* > 0 

Theorem (3.1): Suppose that cOllditiolls (HI), (H2) and (H3) hold. Then there exists 
a unique 

such that 
(uO, wo) e U x W 

J = in! sup J (u, w) = J (uo, }tva) ° ueUweW 
xo = ABuo + A<I>wo + ! 

Moreover, (uO, wO) is given by 

wO (1) = e~I<1>llxo (1) (3.1) 

uO (1) = _N"-l Bllxo (1) (3.2) 

and II solves the Algebraic Riccati equation 
(llx,AY)H+ (Ax,llY)H+ (c!Cx'Y)H- (llnnnx'Y)H = 0 

for allY V e D (A) c H where 
1/2 

12= [B~IB*-eCPM-l<1>*] >0 
L-____________________________________________ _ 



Assume 

APPROXIMATION 
00 

H = U H" 
n=1 

AlllHn --7 H" 
Qn\H --7 Hn 

CnlHn --7H 

FINITE DIMENSIONAL ARE 
• 

An*n + n An - n Q Q n + C'l*Cn = 0 
"" "" 11 n 



APPROXIMATION HYPOTHESES 

(H4) For each x E H , one has 

(i) Sn (t) P nX ~ S (t) X (ii) S-n (t) P nX ~ ~ (t) X 
where the convergence is uniform in t on bounded subsets of (O, 00) . 

(H5) For each x E H ,one has 
(i) nnx ~ Ox 

nn*Pnx~n*x 

ii) CnP nX ~ Cx 
Cn*x~ c!x 

(H6) The family of pairs (An' nil) and (All' Cn) are unifonnly stabilizable and unifonnly detectable. re
spectively. In other words, 

(i) there exists a sequence of operators K" E L (H n' H) such that 

SuPllKnl1 < 00 

t>O 

for some positive constants M 1 and (01. and 

(ii)there exists a sequence of operators Gil E L (H n' H) such that 

supllGnl1 < 00 

lie (An - GnCn) t PIlIl < M
2
e -CD2t t > 0 

for some positive constants M2> 1 and ~. 



Tlleorem 2 : Under tile assul1lptions (H4)-(H6), 

(i) the solution nn of the finite dimensional approximating Algebraic Riccati Equation 
converges strongly to n, the unique solution of the infinite dimensional Riccati Equation. 

lim IITIx - n P xll-+ 0 n-+ oo n n 

(ii) tile apprOXil1late closed loop selnigroups converge to the closed loop semigroup 

Sn (t) P nX -+ S (t) Px 

where Sn (t) and S (t) are the CO semigroups generated by 

An-Pn02PnTIn = An-Pn(B!V1n* -9r~Ir")PIITIn 

and 

respectively 
(iii) tile closed loop selnigroup S (I) is exponentially stable 

" S (t) " ~ ke -wt 

for some w>O. 
(iv) Finally, the closed loop transfer funtion satisfies the disturbance attenuation bound 

Fc/II. < }o where T,~ (d--+ { ~ } ) 



IDENTIFICATION OF DISTRIBUTED PARAMETER SYSTEMS 

• 

Prototype Equations 

~(D~)+2~(Da'w)+ a2 (Da'w)+Plla 2
w = 0 

ax2 ax2 ay2 ax2 al al at2 _ 

~(Da'w)+ Plla'w = 0 
ax2 ax2 at2 

w=o or aw _ 0 
dii-

(plate) (x,y) E !l 

(beam) x E !l 

(x, y) E a!l 

Identify/Estimate the Cllange in Material Properties 
(i) Given P = p(x,y) 

(ii) Find 
D = Do(x,y) 

D (x, y) = Do (x, y) + 6D (x, y) 



IDENTIFICATION OF DISTRIBUTED PARAMETER SYSTEMS 

Strategy - Iterative Projection 

Ak (D) = eigenvalue 
wk (x, y;D) = eigenfunction (normalized) 

Il\ = Ak (D) - Ak (Do) 

IlD = D-Do 

FUlldamelltalIdelltity 

Il\=---------------------

ffllDl1 Vwk(Do) 11
2dV 

= -------- + 0 (IlD2) 



, 

IDENTIFICATION OF DISTRIBUTED PARAMETER SYSTEMS 

Basis for Approximation - , 

AD(x,y) = L Dkewk(x,y;DO) 
ke K 

D(x,y) = Do(x,y) +AD(x,y) 

Projection Onto Finite Dilnensions 

One can show 

provided that 

is small enough 

P K U1 = L if,wk (x, y;Do» e Wk (x, y;Do) 
ke K 



IDENTIFICATION OF DISTRIBUTED PARAMETEIl SYSTEMS 

Roughly Speaking, 

Ilb-DIIL2 

IIDII~ 

II D - PK[D] II~ 

2 IIDII~ 

__ ----~~~------_ ~ __ ------~JL~------~ rs "r ~ 
reconstruction error optilnal L2 approxilnation error 

~D-PK[D] 

-D-D 

-D 



Dynamic Control of Large Structures 

----------------------~ 
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Active Control of Large Structures 

~ ~ 

Structural 
Analysis 

1. Preliminary 
Design and 
Analysis 

2. Plant 
Modeling 

~
Sinla 
Natklnal 
Laboratories 

J ~ J ~ 

Structural Controller 
Testing Design . 

1. Disturbance 1. Design 
Requirements Methodology 

2. Plant Model 2. Implementation 
Identification 

3. Component 
Testing 

-2 of 23-
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Components 

1. Sensors 
2. Actuators 
3. Processors 
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Approaches to Vibration Suppression 
of Large Structures 

-----------------------~ 
1. System Design 

2. Passive Damping 

3. Active Damping 

4. Active Control 

@il Sada -3 of 23-=Ories Workshop on Vibrational Control and Dynamic Alignment Issues at the SSC 



System Design 

-----------------------------~ 
Design Considerations for Vibration Suppression: 

1. Structural Stiffness 

2. Isolation Mass 

3. Weight, Space and Geometry Constraints 

Considerations if Active Control is to be considered: 
1. Nonlinearity 

2. Hysteresis 

3. Repeatability 

4. System Variability 

(ii~ ~ -4 of 23-
lmatores Workshop on Vibrational Control and Dynamic Alignment Issues at the SSC 



System Design: Adaptive Mirror (Initial Design) 

-----------------------~ 

-5 of 23-
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System Design: Adaptive M.irror (Redesign) 

-----------------------~ 
Design Constraints --..,&3,2;,--------··- -1 

• Control System 
• Linear and Repeatable 
• High modal frequencies 
• Actuator Authority 
• Rigid Body Control 

h, 

~ 
T 

w \, • . , .l 

• System Performance 
• Maximum Stress 
• Poisson's Effect 
• Flattening Effect 
• Thermal Isolation 
• Vibration Isolation 

-6 of 23-
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Passive Damping 

----------------------~ 
Purpose: 
Induce damping in the system dynamics that are: 

• significant in the systein response 
• detrimental to the dynamics of an active control system 

Approaches: 

Pro: 

Con: 

• Lumped damping elements (Le. damping struts, tuned masses) 
• Coatings and Constrained Layer Damping 

• Guaranteed Stable. 
• No peripheral equipment necessary 

• Frequency range and performance frequently limited. 
• Difficult to predict the damping apriori 

(rI~ sma -70123-=ories Workshop on Vibrational Control and Dynamic Alignment Issues at the SSC 



Passive Damping 

-----------------------~ 
Developed a rigorous method for calculation of damping matrices of linearly 
viscoelastic structures: 

• D. J. Segalman, "Calculation of Damping Matrices for Linearly 
Viscoelastic Structures", J. App. Mech., Sept. 1987, Vol. 109, pp. 585-588. 

AppHed to the "GSA Beam" at Phillips Laboratory: 

Test Prediction 
Mode frequency Damping Frequency Damping 
1st Bending 15.7 Hz 5.80/0 15.1 Hz 6.1 0/0 

2nd Bending 39.8 Hz 8.1 0/0 38.0 Hz 11.3 0/0 

3rd Bending 73.8 Hz 8.5 0/0 70.6 Hz 12.0 0/0 

1 st Torsional 91.8 Hz 2.4 0/0 87.2 Hz 1.70/0 

4th Bending 116.5 Hz 8.4 0/0 113.4 Hz 10.20/0 

5th Bending 169.6 Hz 7.1 0/0 166.8 Hz 9.20/0 

2nd Torsional 190.0 Hz - 177.5 Hz 2.60/0 

-8 of 23-

~
sma 
Natmal 
lmIJatories Workshop on Vibrational Control and DynamiC Alignment Issues at the SSC 



Active Damping 

----------------------------~ 
Purpose: 
Induce Damping in structural modes that are: 

• decoupled and highly significant in the system response 
• detrimental to the dynamics of a coordinated active control system 

Approach: 
Use control techniques that are highly stable: 

• Colocated Sensor - Actuators 
• Single Input - Single Output (SISO) 
• Velocity Feedback 
• Impedance Matching 

-9 of 23-@) Sada 
NaOOnal 
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Active Control of Large Structures 

-----------------------~ 
Disturbance Performance - -w ... ... 

y 
tn tn - Structure 0 -- ...... 0 

.... co tn 
U :l Parameters? C Z ...... Order? Q) 

(.) UJ < 

Controller -.......... 

[rI~ Sanda -10 of 23-
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Active Control of Large Structures (Issues) 

----------------------~ 
• Large Order Systems 
• Imperfect Models 
• Multiple Highly Coupled Feedback Loops (MIMO) 
• Precision Performance Requirements 
• Limited Actuator Power 
• Limited Processor Capacity 

-11 of 23-
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Active Control of Large Structures (basic problem) 

-----------------------~ 
Given a Linear Model of the system: 

x = A'x+Bu+Du 
Z = Mx+v 

Y = Cx 

Design a Linear Feedback Control System: 

Xc = Aexc + Bez 

u = Cexc+Dez 

Designed to minimize some criteria or satisfy some constraints: 

~
Scnla 
NatillM 
lmoratories 
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Active Control of Large Structures (basic problem) 

-----------------------~ 
This is a very general and broad problem statement. When the criteria and 
constraints are specified a large number of control design techniques result. 

• Linear Quadratic Gaussian (LQG) 

• Cost Function: 

v = lim E [y (t) TQy (t) + u (t) TRu (t)] 
t~ 00 

• Many variations on this basic theme: 
• Reduced Order LQG 
• Frequency Weighted LQG (gain stabilize uncertain dynamics) 
• Optimal Projection (Fixed order control design to minimize spillover) 

C F 
. V __ W1S 

• ost unctIon: 

-13 of 23-
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Active Control 

----------------------------~ 

Control 
Design 

Controller 
Reduction 

Fixed Order 
Controller 

Design 

-14 of 23-

Model 
Reduction 

Controller 
Design 
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Active Control of Large Structures (Design Process) 

-----------------------~ 

.---~ 
Analytical 
- Finite Element 

Control Design 

Experimental ~ ..... 
-ERA 

-LOG ..... ~ .. 
-H 

00 

Model Updating 
- Refinement '---------1 -Parameter Estimation 
- Controller Subtraction 

@~ sma -15 of 23-
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Active Control (Sandia Truss) 

-----------------------~ 

~-- PERFORMAtlCE 5 

~--- PERFORMANCE 2 

I ~ \ PERFORMANCE 1 

~'-~,_\_- -
NON-DESIGN DISTURBANCE 

\. - PERFORMANCE 4 

PERFORMANCE J 

2 

@] sma 
NatioM 
Loooratories 

-~--il--'r-- SENSOR 2 

~-\--- SENSOR 3 
~\L.--\--r-7' 

SENSOR 4 --4--I--+¥ 

ACTUATOR 1 ---'r---1 

.-\--- ACTUATOR 2 

~---l~ __ ACTUATOR J 

1/4----'7"'\---1---- AC TUA lOR 4 
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Active Control (Sandia Truss) 

-----------------------~ 

~
sma 
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Active Control (Sandia Truss) 

-----------------------~ 

~
Scrda 
NatklM 
l~oratories 

Finite Element 
Model 

Model Verification-
Updating 

Reduced Order Optimal Projection LOG 

Implementation 
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Active Control (Model Verification and Updating) 

-----------------------~ 

(b) Structural Wodel with Updated E (10.25 H1) 

(al Expert.enlal (10.28 HI) 

{cl Structural Wodel with Updated E and K (10.28 H; I 

~19 of 23-@) Sada 
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Active Control (Closed Loop Results) 

1 
" " " " " : : , , , , , , , , , , , , , , , , , , , , , , 

i' : c \ , 
I' ,: ,: ,: .. : 

.: 
( 

to. : ............ . 
, " , , , , , , , , 
" " " :: . . 

, 
" " :: . 
l: :: .. " : : :: .. :: , , 'n 

. " 

Open Loop .................................................. 
Reduced Order LQG -------------------------
Optimal Projection 

' . . 
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Active Control (Closed Loop Results) 

-----------------------~ 5.08E-01 

A 
M 
P 
L 
I 
T 
U 
0 
E 

II ~ " fl.t j ) 

~ ~ 
U II. II. I, I" .,. ~, 

~ V 
"'I 

V l 

-5. aaE -01 
o. oeE +00 TINE (S) 3.00E+00 
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Ongoing Work 

-----------------------------~ 
• Robust Control of Aexible Structures 

• Control of Flexible Robots. 

• Development, characterization and modeling of electromechanical gels. 

• Parameter estimation in finite element models 

• Currently being applied to the JPL Micro Precision Interferometer Phase I. 

• Completing development of Control Design Software: 

• Integrated Modeling and Control (Purdue) 
• Optimal Projection - Maximum Entropy (Harris) 

• Optimization applied to: 

• Shape optimization of a nuclear fuel cask 
• Application of genetic algorithms to design of gas guns 

• Active Noise Control. 

@) Scrda 
NatioM 
l~(latories 
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Summary 

--------------~ 
To the extent possible, design of a large system for vibration suppression 
should consider the following: 

• System Design 
• Passive Damping 
• Active Damping 
• Active Control 

The various approaches are all interrelated and not mutually exclusive. 

@) Sada 
Natkm 
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* 
THE 

CORE 
GROUP 

DE SYSTEMS 

DIRECTED ENERGY 
SYSTEM 

I I 
ENERGY ENERGY UTILITIES DELIVERY GENERATION 



*CRa~E ENERGY DELIVERY SUBSYSTEM 

ENERGY 
DELIVERY 

~©@lUJD~(Q)1NJ ii~©~lN1@ POINTING 

lFDlRl~ OOOOii'lRl©lb 



..... CORE POINTING-BEAM CONTROL -y- GROUP 

POINTING BEAM 
CONTROL 

MECHANICAL MAGNETIC 



* 
THE 

,. CORE 
GROUP MECHANICAL OPTIONS 

MECHANICAL 

REDUCE ACTIVE/PASSIVE ACTIVE 
LEVEL ISOLATION ATIENUATION 

ADVANCED PASSIVE 
MATERIALS DAMPING 



* 
THE 

CORE 
GROUP POINTING PROBLEM 

PROBLEM: Place the beam on the target for sufficient time within 
required jitter and dispersion. 

Reduce 
Disturbance 

Advanced 
Materials 

Active 
Isolation Active 

Attenuation 

Beam 
Control 

DESIGNER'S PROBLEM: What combination of techniques achieves the 
required jitter and dispersion for minimum cost and weight with the most 
reliability. 



* 
THE 

. CORE 
GROUP 

VIBRATION SUPPRESSION EQN 

In x(t) + c x(t) + k x(t) = F(t) 

t 
x(t) = 1 J F(t) e-~(J)n(t-'t)sin COd(t-t) dt + J In k (1 _ ~2) 0 

2 k 
CO =-n In 

-1 
'" = tan J1 _ ~2 



* 
THE 

~, CORE 
GROUP SOLUTION OPTIONS 

REDUCE THE DISTURBANCE LEVELS 

USE ADVANCED MATERIALS . 

ACTIVE/PASSIVE ISOLATION OF CRITICAL COMPONENTS 

USE PASSIVE DAMPING TREATMENTS 

USE ACTIVE STRUCTURAL CONTROL 

USE BEAM CONTROL 

COMBINED USE TO ACHIEVE BEST SYSTEM 



*Cii~E PREVENT OR CORRECT? 

"AN OUNCE OF PREVENTION IS WORTH A POUND OF CURE." 

Reduce 
Disturbance 

Active 
Isolation Active 

Attenuation 

Beam 
Control 

PREVENTION ..... _---------.-~ CORRECTION 



* 
THE 

: CORE 
GROUP 

REDUCE LEVELS 

PRO CON 

EXISTING PROGRAMS CANNOT BEAT THERMODYNAMICS 

MAYBE EASIER THAN CORRECTING CANNOT GET AT CAUSES 

HIGH POWER ENVIRONMENT DOES NO ATIENUATION OF ABERRATIONS 
NOT AFFECT APPLICATION ON THE BEAM 



*C~~E ADVANCED MATERIALS 

PRO 

RELIABLE 

TECHNOLOGY AVAILABLE 

PREDICTABLE RESULTS 

CON 

ONLY ATTENUATES BY 2 OR 3 

OUTGASSING AND ENVIRONMENTAL 
EFFECTS 

MANUFACTURING WITH MULTIPLE 
DECREASES DISTURBANCE MAGNI· MATERIALS 
TUDE & INCREASES FREQUENCY 

HIGH POWER ENVIRONMENT DOES NO ATTENUATION OF ABERRATIONS 
NOT AFFECT APPLICATION ON THE BEAM 



* 
THE 

y... CORE 
GROUP ACTIVE ISOLATION 

PRO CON 

SEVERAL ORDERS OF MAGNITUDE COMPLICATED CONTROL SYSTEM 
ATTENUATION 

WEIGHT PENALTY 
PREVENTS DISTURBANCES FROM 
REACHING CRITICAL OPTICS FORWARD BODY ON SOFT SPRING 

HIGH POWER ENVIRONMENT DOES NO ATTENUATION OF DISTURB· 
NOT AFFECT APPLICATION ANCES GENERATED IN CRITICAL 

OPTICS 

NO ATTENUATION OF ABERRATIONS 
ON THE BEAM 



* 
THE 

* CORE 
GROUP PASSIVE DAMPING 

PRO CON 

RELIABLE TEMPERATURE DEPENDENCE 

ORDER OF MAGNITUDE OUTGASSING AND ENVIRONMENTAL 
ATTENUATION EFFECTS 

DEVELOPED TECHNOLOGY WEIGHT PENALTY IF NOT DESIGNED 
CORRECTLY 

POSSIBLE DECREASED GROUND 
TESTING REQUIREMENT ATTENUATION LEVEL LIMITED 

HIGH POWER ENVIRONMENT DOES NO ATTENUATION OF ABERRATIONS 
NOT AFFECT APPLICATION ON THE BEAM . 



* 
THE 

.:.'. CORE 
GROUP ACTIVE CONTROL 

PRO CON 

SEVERAL ORDERS OF MAGNITUDE COMPLICATED CONTROL SYSTEM 
ATTENUATION 

CAN BE APPLIED IN PROBLEM 
AREAS 

GRACEFUL DEGRADATION 

WEIGHT PENALTY 

TECHNOLOGY HAS NOT BEEN 
APPLIED ON LARGE SYSTEM 

NO ATTENUATION OF ABERRATIONS 
HIGH POWER ENVIRONMENT DOES ON THE BEAM 
NOT AFFECT APPLICATION 



*Cfj~~E ACTIVE BEAM CONTROL 

PRO 

CAN CORRECT ABERRATIONS ON 
THE BEAM 

SEVERAL ORDERS OF MAGNITUDE 

CON 

COMPLICATED CONTROL SYSTEM 

WEIGHT PENALTY 

CORRECTION CATASTROPHIC DEGRADATION 

THEORETICALLY STRAIGHT HIGH POWER AFFECTS APPLICATION 
FORWARD 

EXPENSIVE 

CANNOT ATTENUATE ALL 
MECHANICALLY INDUCED EFFECTS 



* 
THE 

.:~, CORE 
GROUP CONCLUSIONS 

THE ANALYTICAL SIMULATION CAPABILITY TO DO QUICK COMPARISONS 
OF DIFFERENT ENGINEERING APPROACHES IS NOT YET AVAILABLE. 

ACTIVE STRUCTURAL CONTROL VERSUS ACTIVE BEAM CONTROL: 
1. WEIGHT EFFECTS ARE AN EVEN TRADE, 
2. BEAM CONTROL MUST BE USED TO CORRECT ABERRATIONS 

ON THE BEAM, 
3. STRUCTURAL CONTROL IS MORE RELIABLE, 
4. NEITHER METHOD CAN PREVENT OR CORRECT ALL ABERRATIONS, 
5. PREVENTION IS PREFERABLE TO CORRECTION. 

AN INTEGRATED SYSTEMS APPROACH IS PREFERABLE TO DEPENDING 
ON ONLY ONE TECHNOLOGY. 



SENSORS, ACTUATORS, AND PROCESSORS FOR MODERN CONTROL 

W. K. TUCKER 

SANDIA NATIONAL LABORATORIES 

ALBUQUERQUE, NEW MEXICO 

WORKSHOP ON VIBRATION CONTROL AND DYNAMIC ALIGNMENT ISSUES 
AT THE SUPERCONDUCTING SUPER COLLIDER 

FEBRUARY 11-14, 1992 

Sandia National Laboratories wkt/2/11/92 



SENSORS, ACTUATORS, AND PROCESSORS FOR MODERN CONTROL 

• SYSTEM AND COMPONENT ISSUES 

• SENSOR AND ACTUATOR MATERIALS 

• SENSOR AND ACTUATOR DESIGNS 

• PROCESSOR DESIGNS FOR LARGE STRUCTURE CONTROL 

Sandia National Laboratories wkt/2/11/92 



An actively controlled structure consists of several 
components 

inputs 

actuator 
system 

plant 

sensor 
system 

processor! 
control law 

Each system can be represented 
by a state space equation 

• X=AX+BU 
Y=CX+DU 

outputs 

Sandia Natimallaboratories [rlij 
Filename:SNLA_2743_02_HD:FrameMaker 3.0:JPLauffecDocuments:scsiyeb:scsi-presentation 



We can divide active control into four core technologies 

Active control of structures 

Structural 
Analysis 

1) preliminary 
design and analysis 

2) plant modeling 

Structural 
testing 

1) disturbance 
requirements 

2) plant model 
identification 

3) component 
testing 

4) implementation 

Control 
design 

1) design 
methods 

2) implementation 

Components 

1) sensors 

2) actuators 

3) processors 

Sandia National Laboratories ~I~ 
Ftlename:SNLA_2743_02_lID:FrameMaker 3.0:JPLauffer_Documents:scsiYeb:scsi_presentation 



SYSTEM ISSUES FOR SENSORS, ACTUATORS, AND PROCESSORS 

• SENSOR ISSUES - Is THE PLANT OBSERVABLE? 

o SIGNAL TO NOISE RATIO 
o DYNAMIC RANGE 
o LINEARITY 
o SENSITIVITY 
o ENVIRONMENTAL EFFECTS 

• ACTUATOR ISSUES - Is THE PLANT CONTROLLABLE? 

o RESULTING MECHANICAL EFFECT 
o ELECTRICAL POWER/ENERGY REQUIRED 
o DYNAMIC RANGE 
o LINEARITY 
o ELECTRICAL NOISE PRODUCED 
o ENVIRONMENTAL EFFECTS 

Sandia National Laboratories wkt/2/11/92 



SYSTEM ISSUES FOR SENSORS, ACTUATORS, AND PROCESSORS 
(CONTINUED) 

• PROCESSOR ISSUES - Is THE REQUIRED PERFORMANCE OBTAINED? 

o CONTROL ALGORITHM IMPLEMENTATION 
o NUMBER OF INPUTS AND OUTPUTS 
o STATE-SPACE OR FILTER IMPLEMENTATION 

NUMBER OF STATES, FIR FILTER LENGTH, IIR FILTER ORDER 
o COMPUTATION EFFICIENCY VERSUS SAMPLE TIME 
o LATENCY 

• CONTROL ALGORITHM ISSUES - Is THE REQUIRED PERFORMANCE OBTAINED, 
AND IS THE CONTROLLER ROBUST? 

Sandia National Laboratories WKT/2/11/92 



SANDIA IS DEVELOPING PIEZOELECTRIC SENSORS FOR LOW-LEVEL 
STRAIN MEASUREMENTS 

• PVF2 FILMS - DEVICES UNDER DEVELOPMENT AT SANDIA, MATERIALS 
AT ATOCHEM, INC. 

• PVF2 COPOLYMER FILMS - DEVICES UNDER DEVELOPMENT AT SANDIA, 
MATERIALS AT ATOCHEM, INC. 

• PZT COMPOSITES - DEVICES UNDER DEVELOPMENT AT SANDIA, MATERIALS AT 
FIBER MATERIALS INC., NTK, PENN STATE 

. Sandia National Laboratories wkt/2/11/92 



SANDIA IS DEVELOPING ACTUATORS USING PIEZOELECTRIC 
AND POLYMERIC GEL MATERIALS 

• PVF2 FILMS - DEVICES UNDER DEVELOPMENT AT SANDIA, MATERIALS 
AT ATOCHEM, INC. 

• PVF2 COPOLYMER FILMS - DEVICES UNDER DEVELOPMENT AT SANDIA, 
MATERIALS AT ATOCHEM, INC. 

• PZT COMPOSITES - DEVICES UNDER DEVELOPMENT AT SANDIA, MATERIALS AT 
FIBER MATERIALS INC., NTK, PENN STATE 

• ELECTROMAGNETIC/POLYMERIC GELS - MATERIALS AND DEVICES UNDER 
DEVELOPMENT AT SANDIA 

Sandia National Laboratories wkt/2/5/92 



PIEZOELECTRIC SENSORS AND ACTUATORS 

• DIFFERENTIAL SENSOR DESIGN FOR REDUCTION OF COMMON-MODE 
ELECTROMAGNETIC NOISE OR SENSITIVITY TO EXTERNAL PRESSURE 

• DIFFERENTIAL ACTUATORS FOR REDUCTION OF RADIATED ELECTROMAGNETIC 
NOISE 

• SENSOR/ACTUATOR DESIGNS FOR MEASURING/GENERATING HOOP OR AXIAL 
STRAIN IN CYLINDERS TO CANCEL STRUCTURAL VIBRATION 

Sandia National Laboratories wkt/2/11/92 



Piezoelectric Films - Sensors and Actuators 

Polarization Constant 

(2)~ stretch direction 

~(1) 

qj = polarization constant ((m/m)/0J/m) or (e/m )/(N/m )) 
i = electric field direction 
j = stress/strain direction 
(Electric field is applied in direction (3)) 

(3) 

t 

wkt 7/3/90 
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d33 Hybrid d ~ Composite 
(uses d33 of PZT) (uses d 31 .of PZT) 
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(uses d31 of PZT) 





WHAT IS A SMART GEL? 

• A SMART GEL IS AN IONIZED POLYMERIC NETWORK THAT IS SWOLLEN WITH 
A SOLVENT. 

o MOLECULAR SPONGE 

o REVERSIBLE PHASE TRANSITION 

o CHEMICALLY OR ELECTRICALLY ACTIVATED 

o VOLUME CHANGE OF SEVERAL MAGNITUDES CONTROLLED BY MATERIAL 
FORMULATION 

Sandia National Laboratories wkt/2/11/92 



SANDIA RESEARCH INTO GELS HAVE PRODUCED INTERESTING 
RESULTS 

• POLYMERIC GELS HAVE PROPERTIES THAT HAVE NOT BEEN FOUND WITH 
CONVENTIONAL ACTUATOR MATERIALS. 

• GEL ACTUATORS HAVE THE CAPABILITY OF PERFORMING LARGE DEFORMATION 
WHERE WEIGHT IS OF PREMIUM AND ELECTRIC POWER IS AVAILABLE. 

• A COMPLETE MATHEMATICAL DESCRIPTION THAT LENDS ITSELF TO A NUMERICAL 
SOLUTION HAS BEEN FORMULATED. 

• DYNAMIC BEHAVIOR CAN BE PREDICTED THROUGH FEM COMPUTATIONS. 

• ELECTRIC POWER REQUIREMENTS ARE LOW - LESS THAN SEVERAL HUNDRED 
WATTS. 

• WE HAVE INITIATED DESIGN AND CONSTRUCTION OF A LINEAR ACTUATOR. 

Sandia National Laboratories wkt/2/ll/92 



SANDIA IS DEVELOPING HIGH-SPEED, PARALLEL PROCESSORS FOR 
STRUCTURAL CONTROL OF LARGE STRUCTURES 

• DESIGNED, FABRICATED, AND TESTED A STATE-SPACE PROCESSOR 

o 8 INPUTS, 8 OUTPUTS, AND 32 STATES 
o CUSTOM ADC AND OAC BOARDS, OFF-SHELF PROCESSOR BOARDS 
o VME BUS ARCHITECTURE WITH A CUSTOM DATA BUS 
o 50 KHz SAMPLE RATE AND ALL CALCULATIONS COMPLETED WITHIN 20 ~ 
o SUN WORKSTATION HOST 

• DESIGNED AND INITIATED FABRICATION OF AN ADVANCED PROCESSOR 

o 64 INPUTS, 16 OUTPUTS, AND 64 STATES 
o ALL CUSTOM BOARDS USING OFF-SHELF ICs 
o VME BUS ARCHITECTURE WITH TWO CUSTOM DATA BUSES 
o SELECTABLE SAMPLE RATE (64/16/64 CONFIGURATION REQUIRES 18 ~) 
o SUN WORKSTATION OR EQUIVALENT VME HOST 

Sandia National Laboratories wkt/2/11/92 
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Real-Time Control Processor 

• The Control Processor is a real-time processor for implementing digital 
state~space controllers and FIR and IIR digital filters. 

• Receives conditioned analog inputs from strain sensors. 

• Outputs analog signals for driving actuator power amplifiers. 

• Digital processor implements a variety of state-space control algorithms 
and filters. 

rrlijSand~ National 
Laboratories 



Real-Time Control Processor 

• Flexible Architecture Suitable for Variety of Matrix Processing 
Applications. 
Efficiently Supports Control Equations in the Matrix Form: 

where: 

GI il Sandia National 
Laboratories 

A, B, C, & D are control matrices 

x (n) = current state vector 

y (n) = input vector 

x (n + 1) = estimate of next state vector 

U (It) = output vector 



Real-Time Control Processor 

• Sequence of Computation During a Sample Interval: 
1. Computation of Output Vector u(n) 

[u (n)] = [q x [x (n)J + [DJ x ~ (n)J 

2. Computation of Next State 
[x (n + I)J = G4J x [x (n)] + [BJ x ~ (n)] 

3. Computation of Partial u( n) Result 

(iI~sand~ National 
Laboratories 

[qx[x(n+l)] 
Note: Computation of [C]x[x(n)] has already been done during the 
previous cycle. Thus, the output of [u(n)] can be done as soon as 
[D]x[y(n)] is computed and added to [C]x[x(n)]. 



TIME IN 

MICROSECONDS 

SAMPLE PERIOD: 

20.0 MICROSECONDS 

rrl~sandia National 
Laboratories 

0.00 
0.30 

2.65 
3.10 

6.25 

9.85 

13.45 

17.05 

19.05 

Processing Timeline Example 

D' yen) + 
[C' x(n» 

A' x(n) + 
B' yen) 

A' x(n) + 
B' yen) 

A' x(n) + 
B' yen) 

A' x(n) + 
B . yen) 

C' x(n+l) 

SAMPLE AND HOLD ANALOG INPUT 
AID CONVERSION FINISHED 

DIGITAL OUTPUTS AVAILABLE 
ANALOG RESULTS AVAILABLE AT D/A OUTPUT 

NEXT STATE CALCULATION FINISHED, PASS 1 

NEXT STA TE CALCULATION FINISHED, PASS 2 

NEXT STA TE CALCULATION FINISHED, PASS 3 

NEXT STATE CALCULATION FINISHED, PASS 4 

C MATRIX'" NEXT STATE CALCULATION FINISHED 

HARDWARE: 

4 AID MODULES 

2 D/A MODULES 

4MAT. PROC. 
MODULES 

CONFIGURATION: 

64 INPUTS 

16 OUTPUTS 

64 STATES 



Control Processor System Architecture 

VMEbus 

l 

An alog Channels In , 
~ · · Analog to Digital Matrix Processor · 
-. Subsystem Subsystem · · · · 

• 
~ 

1 

Each subsystem is composed of one or more modules. 

(ii9sandia National 
Laboratories 

~~ 

Analog Chann , 
~. . 

Digital to Analog -. 

Subsystem . 
· · · ~ 

.~ 

Data Buses 

els Out 



Control Processor - System Features 

• Communicates with host (Sun workstation) via industry-standard VMEbus. 

• All matrix operations performed in 32-bit floating point. 

• Modular implementation: 
Analog-to-Digital (AID) module: 16 channels, 14 bit precision 
Digital-to-Analog (O/A) module: 16 channels, 14 bit precision 
Matrix Processor (MP) module: 320 MFLOPS 
Interface/Control (I/C) module: interfaces AID and D/A to MP 

• Double-buffered matrix stores to accommodate real-time updates. 

• Design optimized for low input to output latency. 

• Maximum computational rate of 3.84 GFLOPS in one VME chassis. 

• Hardware support for zero-skipping reduces computation for sparse 
matrices. 

(rlirandm 
National 
Laboratories 



Control Processor - System Features (cont'd) 

• Diagnostic mode: 
Insert and capture data from host computer. 
64K words for storage of past inputs and outputs. 
128K words for storage of past states and intermediate results. 
Aids in system identification and controller debugging. 

• Programmable sample clock frequency: 
38 Hz to 625 kHz 

• Automatic shutdown on detection of output overload conqitions. 

• Hardware look-up-tables for linearizing sensors and actuators. 

[ri il Sandia National 
Laboratories 



SUMMARY AND CONCLUSIONS 

• SELECTION OF SENSORS, ACTUATORS, AND PROCESSOR FOR CONTROL OF LARGE 
STRUCTURES IS CRITICAL FOR PERFORMANCE REQUIREMENTS. 

• PIEZOELECTRIC SENSORS OFFER HIGH SENSITIVITY, WIDE DYNAMIC RANGE, 
AND EM NOISE REJECTION WITH DIFFERENTIAL CONSTRUCTION. 

• PIEZOELECTRIC ACTUATORS OFFER WIDE DYNAMIC RANGE, LOW REAL POWER 
REQUIREMENTS, AND EM NOISE CANCELLATION WITH DIFFERENTIAL 
CONSTRUCTION. 

• GEL ACTUATORS OFFER LARGE VOLUME CHANGES FOR LOW ELECTRIC FIELDS 
AND LIGHT WEIGHT. 

• HIGH-SPEED, PARALLEL PROCESSORS OFFER CHOICE OF SOLUTION METHOD (55, 
FIR, OR IIR), SMALL LATENCY, AND EASY EXPANSION FOR ADDITIONAL 
INPUTS, OUTPUT, OR STATES. 

Sandia National Laboratories wkt/2/11/92 
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Reactor Engineering Division 

WHAT IS BASE ISOLATION 

• A system installed between a structure and its surrounding foundation 
to isolate it from damaging ground motions. 

• Accelerations of the structure and equipment are significantly reduced. 

• The structure moves without upper story amplification. 



Reactor Engineering DMslon 

EFFECT OF SEISMIC ISOLATION 
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Reactor Engineering Division 

Applications 

• Civil Structures 

-
Buildings 
Bridges 
Nuclear Power Plants 
Elevated Water Tanks 

• Electrical Breakers 

• Museum Sculptures 

• Retrofit 

- Salt Lake City and County Building 

St. Peter, Historical Church in Frigento, Italy 



Reactor Engineering DMslon 

ANLJRE INVOLVEMENT 

• Bearing Design 

• Bearing Procurement Specifications 

• Testing Program 

Individual Bearings 

In-Situ (Sendai, Japan) 

• Computer Code Development 

System Response 

Individual Bearing Response 



Reactor Engineering Division 

Seismic Isolation Systems 

• Steel Laminated High Damping Rubber Bearings 

• Steel Laminated Rubber with Lead Plug 

• Steel Laminated Rubber with Teflon Slider 

• Steel Springs and Viscous Dampers 

• Friction Pendulum System 

• Alexisismon System 
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ALEXISISMON SYSTEM (GREECE) 

sort SPRING COMPONENT VERTICAL LOAD SUPPORT 
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LEAD RUBBER BEARING (NEW ZEALAND) 

ELASTOMERIC 
BEARING 

SUPERSTRUCTURE 
ANCHOR 

PIER 
ANCHOR 
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FRICTION PENDULUM SYSTEM (EPS) 
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STEEL LAMINATED HIGH DAMPING RUBBER BEARING 

M16X2-30 CLASS 10.9 
HEX CAP SCREIJ 
(TYP) 

NSF-RAS-002 

¢ 60 H9/d9 

NSF-RAS-OOJ 
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VARIATION OF STIFFNESS WITH SHEAR STRAIN 
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VARIATION OF DAMPING WITH SHEAR STRAIN 
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Bearing Manufactures 

• FURON (Athens, TX) 

• LTV (Arlington, TX) 

• Rubber Consultants (UK) 

• Bridgestone (Japan) 
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FOOTHILL LAW AND JUSTICE CENTER 
MEASURED RESPONSE TO UPLAND EARTHQUAKE 

(2/28/90; M=6) 
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". SEISMIC ISOLATION GAP 
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Reactor Engineering DIvision 

CONCLUDING REMARKS 

• The technology for base isolation that now exist can be use to isolate 
large structures. 

• Base isolation is being used as a strategy to protect large 
structures from earthquake damage. 

• Reinforced rubber base-isolation bearings have been used in the 
United States in non-seismic applications (bridge bearings and anti-
vibration mounts) for over 50 years. 

• Worldwide over 100 structures (bridges, buildings, nuclear power 
plants) are protected by seismic isolation bearings. 
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REPORT OF THE BEAM-EFFECTS WORKING GROUP 

Members: 
Gerry Fischer 
Dave 005S 

Joe Iendrzejcsyk 
Bill Ng 
Vasily Parchomchuk 
Jack Peterson (chair) 
Dave Ritson 
Gena Stupakov 

SLAC 
sse 
ANL 
FNAL 
Novosi.birsk 
~ 
SLAC 
SSCINovosibirsk 

In troduction 

The Beam-Effects Working Group had two concerns regarding 
ground motion and "ibration effects on the beam of the sse: 

1. Closed-Orbit Effects--mainly beam separation (s) at the beam 
crossings, which degrade, the luminosity (Lu) as: 

Lu = Lo exp( -s2/2(12) 

2. Emittance (e) Growth, which degrades the luminosity as: 
Lu l!!!! Nb2 fcou/4Jt beta· e 

This report is a review of our assessment of these problems"-that i3 t 

what is known and understood and what is unknown or uncertain. Finally, 
we recommend a program for clarifying the issues and ensuring 
satisfactory collider operation. 

A) Closed orbit effects: 

Closed orbit distortions are due to slow, adiabatic motion of the 
quadrupole magnets. The IR quads arc the principal sources of these 
distortions, but the arc quads also are significant contributors to this effect. 

Principal Sources: 

1. T-rain crossings: Vibration measurements in boreholes at tunnel depth 
by Eartb Technology Corp in 1989 have been translated to the consequent 
beam separations at the four beam crossings. 

Result: Luminosity degradation of less than 1 % in the WOTSt case. 
(Assuming quad support magnification of S in the frequency range 1 to 10 
Hz.) - . 

Caveat; Data are needed at the Midlothian Crossing because the RR 
bridge at that location is believed to couple the Austin Chalk stratum much 
better than throuBh the alluvial soil at the bore hole used for the 
measurement in 1989 located now about 1 KM away. (Dave Goss) 



12. Quarry Blasts: 

Similar measurements and calculations indicate possible luminosity 
. degradation of up to 67% for a period of several seconds two or three time 
.a week(again assuming quad-support magnification of S) 

3: Freeway traffic noise: Negligible effects. 

4: Ground Diffusion Model: 
According to a phenomenologicaf fit to a number of ground motion 

measurements by the Russian group, relative quad positions will diffuse 
according to the relation: 

microns 

in which L is the inter-quad spacing (meters) and T the time (seconds). 
This lonnula yields tor L~90m (SSe) an nns quad motion of: 

6 microns in I hour 
O.S mm in 1 year 

2.3 mm in 20 years 

(Random quad motions of 1 micron (rms) produce I-sigma beam 
separations at the crossings. ) 

If this expression is a valid representation of how the tunnel floor 
will behave at the sse. these estimates suggest that tbe Jostlein method of 
keeping the beams in proper collision will be essential in the. interaction 
regions and periodic updating the operating closed orbit throughout the 
rest of the machine. It also ealls for a survey and repositioning after a year 
or SO. 

. ,!,he working gr<:>up ~jd not come to a consensus regarding the 
derlvatton of such a dlffuslon model, but it did note mat its estimates 
for typical inter-quad spacing (such as 90 meters for the sse in the 
example above) are not inconsistent with observations at number of 
mac~ine8. However. th~ application of this formula for interquad 
spac~gs of up to the dtameter of an accelerator ring can predict 
relative d~splacements that are an order of magnitude larier. These 
larger estunates do not seem to be supported by observations at 
SLAC, CERN, and FNAL. 

Regarding other closed orbit considerations, there was general 
agreement -on the following matters: 

1. Diagnosis of beam separation at the beam crossings: The Jostlein method 
is effective and should not cause emittance growth. 



2. Control of beam separation should be readily accomplished by. half
wave bumps produced by corrector dipoles just outboard of the mner 

triplets. 

3. Quad-support amplification is an important factor. 

B) Emittance erowth: 

Bl. Low Frequencies: 

Emittance growth due to vibrations at low frequencies do not cau~e 
significant emittance growth. according to several analytic and simulation 
calculations. That is, vibrations due to train crossing, quarry blasts and 
freeway traffic and the low frequency ambient should not be troublesome 
in this· regard. 

A caveat on this statement is the theoretical possibility that non
linear effects could excite a higb order resonance with a difference 
frequency in the region of a few Hz. This possibility has not been analyzed 
in any detail. 

82. High Freqnencies: 
The work of the Russian groups (Parchomchuk, Shinsky. 

Stupakov. and co-workers) has pointed out that significant emittance 
growth can occur when the quadrupole motion is in resonance with 
the betatron motion of the beam. Such resonances occur at vibration 
frequencies that are harmonically related to the betatron frequency 
--i.e., at the frequencies (n-V)fo, where n is a harmonic close to the 
integer part of the betatron tune V, and fo is the revolution 
frequency. For the sse at the nominal tune of 123.28, the lowest 
resonant vibration frequency is 960 Hz, a vibration frequency so 
high that it was not considered a possible source of trouble by 
previous authors because the spectral content of ground motion is 
we)) known to fall rapidly with increasing frequency. Note that this 
resonant frequency varies inversely with the accelerator radius, so 
that the sse is undoubtedly the first machine to be so threatened. 



Using a vibration power density of 10-9 micron21Hz. which is a 
typical le:vel from one set of measurements in the UNK 'unnel in the 
few-hundred herz region, Stupakov calculated an emittance doubling 
time for the sse of about 2 minutes. The theory for the assumptions 
used is not in question. Howeve:r, there are three or four further 
important questions: (a) Are there sufficient amplitudes near 1 kHz 
in the sse tunnel? (b) Can these vibrations be transmitted througb 
the quadrupole cryogenic suppons? (c) What is the average 
quadrupole displacement relative to the vibration amplitude at these 
frequencies? and (d) Can the emittance growth be controlled through 
feedback on the beam? (The: theory used assumed· that the 
amplitude of the quad moLion was equal to the vibration amplitude 
in the floor and that the quads had negligible length.) 

(a)Ground motion levels: 
Very few data exist on ground motion in the range 100 to 1000 

Hz because ground waves at these frequencies are aeneraUy easily 
absorbed in tbe medium of transmission and are therefore of little 
interest to the seismological community. They have been studied 
and used in local seismic exploration work. however. Disturbances at 
tbese frequencies ,eneralJy result from cultural activity. 

One set of measurements in the UNK tunnel gave the power 
density of 10~9 micron2/Hz at frequencies of several hundTed hen, 
as used above. A later measurement with another instrument gave 

10-10. Similar measurements on II. VEPP magnet in Novosibirsk gave 
10-10 during a period of normal opera lion, and 2x 1 0- 12 during a 
"quiet" period. 

Extensive ground-noise investigations have: been carrie:d out by 
seismologists interested in nuclear-test-ban-treaty verification. 
These studies include work at quiet sites in Nevada. in Kazakhstan. 
and in Russia. The investigaton point out that the very low level 
noise at these freqaencies is often contaminated by instrumental 
noise at the higher frequencies and must be carefully analyzed. 
They point out that there are often 20 db lower values found in bore 
holes (underground tunneb) than in surface measurements. as well 
as daytimeJniaht-time and winteTlsummer differences. One thing 
they maintain. however. is that the accelerati on power spectral 
density is nearly flat with frequency at a level of -160 db. 
referenced to 1 (m/s2)2/Hz, at a quiet site:. This level translates to an 
amplitude power spectral density at 100 Ih of about 
10-1S micron2/Hz. A site near Lajitas. Texas, is reported to be about 
onc order of magnitude more: quiet; it is thought to be the quietest 
seismological site in the United States. 

An extrapolation of ambient noise measurements made in the 
range 1 to SO Hz in bore holes at the SSC site at a SO-meter tunnel 
depth extrapolate to a few times 10-12 J12JHz near 1 kHz. but such an 
extrapolation is not very convincing. 



The key question, of course. is what will be the average and the 
range of the spectral power density in the sse tunne1? Different sites 
and different conditions have produced values that vary over a 
range ofl 06 or more in the band near 1 kHz. It is clear that the 
principal noise Sources will be cultural and that local sources must be 
monitored and possibly controlled. 

(b)Transmissibility of Quadrupole Supports: 
The very nature of cryogenic supports makes them rathor 

fragile. This means that by goneral mechanical considerations their 
horizontal and vertical spring constants will be weak and that their 
lowest-order resonances will be in the perhaps a few to lens-of-herz 
frequency range. If they had no other modes, the transmissibility 
(i.e., the magnitude of their ground-to-cold-mass transfer coefficient) 
should be quite small--of order 10-3 to 10-4• In real life this is probably 
not true, and they will no doubt exhibit higher-order resonances whose 
properties cannot be predicted. We need an order of magnitude 
measurement to assess this matter. It was pointed out that the adjacent 
spo01 pieces suffer from even more questionable mechanical resonances, 
since they contain not only all the corrector elements but all the in-and-out 
piping and wiring. which will affect the transfer coefficient. 

(c) Average Quad Displacement at the Higber Frequencies 
At a vibration frequency of 1 kHz, the transverse wavelength in the 

quadrupole cold mass may be in the 10 to 20 cm range. Thus. the length of 
the arc quads may be 25 acoustic wavelengths. and the triplet quads up to 
70 acoustic wavelengths. In this case the averale quad displacement 
could be at most only a few percent of the vibration amplitude. This 
featu1'e was not taken into account in the emittance-growth estimates, 
where the quads were treated like point objects. 

(d)Beam FeedbaCk Correction: 
Correction of collective beam oscillations in times short compared to 

the smearing time (about 0.4 sec) could greatly lengthen the emittance~ 
growth time. Such a beam-feedback correction system appears to be 
feasible, according to the Novosibirsk workers. The working group was not 
able to address this subject adequately but recommends that it be analyzed 
more fully. 
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Recommendations 

Since the pristine sse site has not yet been contaminated by construction 
activity and the cultural noise endemic of a larger population. we suggest 
that a two pronged seismic measurement program be adopted to help 
answer the question raised above 

1. An instrument station be set up to monilor the seismic activity of the 
site on a permanent basis. This station might measure the rms average 
magnitude of the vertical and borizontal components at a location removed 
from heavy construction that might be ropresent81ive of conditions 
obtaining when the collider begins to operate. 

2. A measurement of the difficult high frequency band at tunnel depth at 
two locations that might be sensitive to ongoing cultural noise. (Trains 
etc.) We note that the Midlothian train crossing may be subject to 
increased levels since the train bridge piers are believed anchored in the 
Austin Cbalk formation directly coupling to the tunnel. 

3. The quad support transfer functions to at least one order of magnitude 
at frequencies of interest. 

4. Vibration measurements of the quadrupoles during a cryogenic string 
test is highly dcsirablo to experimental determine that no appreciable 
acou stic noise is generated by flow of the cryogens. 

5. Beam feedback to control emittance dilution needs further analysis. 
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Workshop on Vibrational Control and 
Dynamic Alignment Issues at the sse. 

Vibration Suppression Working Group 

J. P. Lauffer 
Sandia National Lab. 



V 1 brat 1 on Suppress 1 on Group 

Ob j ect i Yes: 

1. Review existing information 

2. Determine if vibration problem exists. 

3. Recommend Approaches to attacking 
the vibration problem. 



Is Vibration Suppression Required 

1. Determine existing source levels 
a. Review existing data. 
b. Gather data from si m i1 i ar si tes. 
c. Perform scoping Calculations 
d. Measure as needed. 

2. Characterize System 

a. Perform scoping calculations 
b. Do detailed numerical modeling 
c. Experimental Model Qualification 

3. Perform response analysis 

4. Compare results with system requirements. 

5. Determ i ne need f or v i brat i on suppress ion. 



Inputs to Vibration Suppression Group 

* Final Focus Quad motion has maximum effect 
on beam posi t ion. 

* Two frequency regimes of concern. 

- 1-30 Hz 
Ground motions of 1 Jlm indicate 
vibration suppression needed. 

- 600- 1 200 Hz 
Motion in this band will cause emittance 
growth and loss of luminosity. 

* Flow induced vibrations - amplitudes and 
frequency not known. 

* Relative motion between quads should be less 
than 0.05 Jlm 



*Ci~E PREVENT OR CORRECT? 

"AN OUNCE OF PREVENTION IS WORTH A POUND OF CURE." 

Reduce 
Disturbance 

--- Advanced 
Materials 

Active 
Isolation Active 

Attenuation 

Beam 
Control 

PREVENTION ..... _---------.. ~~ CORRECTION 



Method 

DampIng 
( Passtve) 

Damping 
(ActIve) 

Act 1ve 
Structura I 
Control 

* Stable 
* Add on 
* Compatible with 

Act lve Contro I 

* Tunable 

* Tailor FreQ. Resp. 
* Hi PreCision 
* Specific Design 

Objectives 

* SpecHlc Design 
Beam Contro J Objective 

* Existing BPM 
( Accurracy?) 

* Control Effort Low 

* Hard to Predict 
* Limited Dynamic 

Range 
* Environmental Dep. 

* Stabi1lty 
* Complicated 

(Sensor/Actuator 
* Does Not Directly 

Contro I Beam 

* Does not Directly control 
beam motion 

* Complex 
* Stabil i ty 
* Technically Immature 

* FreQ. Resp. 
(Actuator Lim i ted) 

* Dynam ic Range? 
* Sensor Motion Errors 

Sources 

External InternaJ 

* Compatible w1th Act1ve 
Control N/ A 

* Limlt Excurs10ns (S-30Hz) 

* Of Questionable use * DHficult 
maybe for a 
specifiC problem 

In order to achieve h1 attenuation at hi. 
frequency. and/or correct errors due to 
lnterna I sources: A coordinated act 1ve 
contro I system may be necessary 

See Above 
* Adequate BPM 1s needed 
* Luminoslty Measurements 



Method 

Convent1onal 
Construct1on 

* Simple, Reliable 
* Tai lor Response 

(st 1ffness-mass) 

Isolation 
(pass1ve) 

Isolat1on 
(Act1ve) 

Dynam1c 
Absorber 

* Cheap 
* Isolates Inputs 

from structure 

* Tailor Freq. Resp 
* Adaptable 

* Narrow Band 
* Possible use during 

troub leshootlng 

* Limited Oyn. Range 
* Hard to Change 
* Thermal Effects 

(mag. support) 

* I ncrease Low Freq. 
Response 

* Passes 0 i screte Freq. 
* Environmental Oep. 
* Aging, Creep 

* Complicated 
* Actuator Req'mt 
* Requires Fal1safing 
* Immature Tech. 

Sources 

External 

* Stiff as possible 
(Alignment an Issue) 

* A I ignment an Issue 
* Induce Low Freq. 

Modes 

* use to Isolate cold 
mass (low freq) 

N/A 

Internal 

N/A 

* Inc. Freq. 
& Damping of 
cold mass 

N/A 

N/A 



Recommendations of VSG 

1. Systems engineering approach to vibration 
suppressi on. 

2. Accurate Beam Position monitor is needed 
to implement beam control. 

3. Additional testing to determine if 600-1200 Hz 
frequency band is a problem. 

4. Testing to determine if He flow and boiling 
is a problem for spool and or quads. 

5. I so 1 ate)remove vibrat i on sources. 



Working group attendees 

• Patricia Manning 
• Brad Burdick 
• Bob Viola 
• Walter Bauke 
• Anthony Passi 
• Danny J. Mangra 
• Marty Wamsganss 
• M.G. Srinivasan 
• Joe Jendrzejczyk 
• Juan Barraza 
• Joel Bowers 
• Bui Dao 
• Steve Lesser 
• Linda Karanian 
• C·A. Hv,f.~''/ 

LLNL 
LLNL 
SSCL 
SSCL 
ANL-APS 
ANL-APS 
ANL-MCT 
ANL-RE 
ANL-MCT 
ANL-APS 
LLNLGEM 
SSCL-ASD 
SSCL-ASD 
MMES Denver 
tal-Nt. 



General comments by working group 
Design of stable structures 

-Recommendation: establishing in house design reviews 
- preliminary 
-concept 
-final 

-Design criteria needed: vibration, deflection, radiation, seismic 



Workshop on design of stable structures 

·Charter 
To come to a consensus on a clear understanding and 
description of the issues and problems 

recommend a design philosophy or a course of action 

• Prepare recommendations on: 
design philosophy 
description of the problems 
list of the issues 
list of the studies to be made 
list of options and tradeoffs 



Workshop on design of stable structures 

• Things to consider during discussion 
operational efficiency 
maintenance 
analysis 
design for thermal, earthquake, vibration 
foundation 
isolation 
radiation 
safety 
testinQ 
matenal 

method of fabrication 
stiffness 
shapes 
construction 

residual stresses 
measurements 
cleanliness 
vendor survey 
QA 
cost 
schedule 
compatibility with alignment system 



We discussed four topics 

• Vibration problems associated with the spool piece 

• Dipole/ quadpole support in the experimental hall 

• Support of large detector assemblies 

• Dipole/ quadpole support in the tunnel 



Vibration problems associated with the spool piece 

• Flow of coolant will cause assembly to vibrate 

• These vibrations may disturb other magnets 

• Sources: 
Flow in cold mass 

. flow in pipes 
accoustic oscillation from natural convection 
boiling in the heater 

• Recommendations: 
modeled and tested 
accurate analysis is impossble 



Dipole! gUadPole support in the experimental hall 

• Move tank sideways into another hall Fermi Lab approach 

• Use concrete blocks under magnets 

• Use a steel space frame 



Concrete sugport aggroach 

36' 

Pro: High frequency, good damping 

Con: 
80 blocks requiredcrane limita~ion 
creep 
thermal cracks 
high floor loads 
requires lon~ tie rods to floor 
needs grouting 



Steel approach 

• frequency 20-40 hz 
• welded and bolted assy (damping 2-50/0) 
• easy to model 
• inexpensive 

recommendation: space frame instead of columns 



Dipole! guadpole support in the tunnel 

• Recommend six strut system on C-frame support 

• Issues: 
- design of C-frame, stiffness 
- removing one set of magnets will disturb alignment of other set 
- should be modeled and tested 
- resonances can be transmitted between adjacent magnet sets 

because of symmetry .... could vary fundamental frequency of 
adjacent assembles 
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Support of large detector asaemblies 

detector 

saddle structure ~ 

shim/compliant mount" 

Jack------
---.......-

subfloor structure-

, 



Support of large detector assemblies 

-Three main features 
1) Track system for disassembly/assembly 

hard rail / Hillman roller, single direction motion 
Grease bearing, XV direction (used in CERN) 
Air bearing, XV motion 

2) Jacking system for lifting load 
Hydraulic jacks with controls 

3) Support and alignment system 
Simplest form : shims 
motor driven wedge 

- Issues 
oil and grease in the hall, cleanliness spec needed 
radiation damage to a-rings 
long term support on hydraulic jacks 




