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Chapter 1

Introduction and derived requirements

1.1 Background

The Cavendish Laboratory of the University of Cambridge is designidgoamtotyping delay lines for

the Magdalena Ridge Observatory Interferometer (MROI). The carficefhe delay lines was reviewed
and approved in November 2004. As a brief reminder, the basic coischpta catseye retroreflector
on a wheeled trolley running in a vacuum pipe, with servo feedback frémsex metrology system.
The overall idea is therefore similar to many existing and tested delay lineshdnet are a number
of innovative features which were introduced in order to meet the top-tegeirements, the most
stringent being those relating to high throughput and wavefront quaktfynd broadly to include all

visibility-reducing effects such as dispersion). The innovative featca@ be summarised as:

1. The entire 380m of optical path delay in each telescope beam is intebtyaeesing a single-pass
traverse of the delay-line vacuum pipes.

2. The delay line trolleys run directly on the inner surface of the vacuur, @pd not on pre-
installed rails.

3. The trolley uses low-bandwidth tilting of the cat’'s-eye secondary mirrooiopensate for pupil
shear variations introduced by imperfections in the pipe straightness.

The basic trolley design is shown in Figure |1.1. It was decided that it waaildrbbdent to perform a
series of experimental tests of the areas of the concept which had timigldte introducing significant
technical risk to the project. The experiments were originally proposed ohotigment “Risk Reduction

2070 I 0.406

Electronics & Control Primary Mirror Secondary Mirror

Trolley Drive Cats Eye Actuator Cats Eye@ Trolley tubular chassis Vacuum Pipe
SIDE VIEW FRONT VIEW

Figure 1.1: Concept sketch of the MROI trolley design inghlevacuum pipe.
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Experiments Review”, Revision 1.0 (November 8th, 2004), hereafterresf to as “RRER”. It should be
emphasised that these experiments were designed not to actually meet aelathing requirements by
the end of the experimental phase, but to demonstrate that the technisasssiciated with getting the
proposed concept to meet all the requirements would be both low and nadétegend hence minimize
the overall risk that an entirely new delay line concept would be needed.

1.2 Scope

This document presents the results of the experiments proposed in the. RRERsults of individual
experiments are given in subsequent chapters of this report.

The top-level requirements for the delay lines were presented in the R&ERséction 3 of that doc-
ument) and approved as part of the November 2004 review of that detuinehis chapter, we show
how some of these functional requirements can be broken down to spegf@nentation requirements
which are then tested in the experiments in later chapters. In particular wensinothe dispersion and
wavefront error requirements translate into vacuum requirements,canthle wavefront error require-
ments translate into alignment requirements of the catseye and requiremengsstraiihtness of the
pipe in which the trolley runs.

Some overall conclusions are presented in Chapter 10, addressingetioqg of whether any of the
originally proposed concepts would need to be substantially changed in thefithe experimental
results, and any potential cost implications of such changes.

1.3 Vacuum system derived requirements

We here determine what level of vacuum is required in the delay line in dodereet the overall
requirements. When there is any residual air in the delay line system, tleetierae main effects of
imporance to the operation of the delay line:

1. There is dispersion caused by the unequal air paths travelled by thghstaeams through dif-
ferent delay lines.

2. There are wavefront errors caused by refractive-indexgdggm the air caused by local heating
effects.

3. The remaining air may have significant thermal conductivity and so casdxtto cool any heat-
dissipating components on the delay line carriage.

We look at each of these effects in turn below.

1.3.1 Dispersion

The requirement in the Risk Reduction Experiments Review document wad ataté&he differential

optical dispersion between beams propagating through any two delayhimiébessuch that there is less
than 0.175 radians of differential optical phase change across adpéss with a fractional bandwidth
of 5%, anywhere within the R,I, J, H and K astronomical photometric ban@ki% requirement needs
to be modified because the range of bands over which the 5% bandpasemeent is important can
be relaxed: in the R and | bands, high-efficiency photon-counting weteare available (EMCCDs),
and therefore there is no signal-to-noise penalty for using narroveetrsh bands. Optical-wavelength
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beam-combiner spectrographs with a minimum resolving power of R=200exefahe easily feasible.
In the infrared J, H, and K bands, there is a read-noise penalty foehggectral dispersion and so the
originally stated resolving power of R=20 (i.e. 5% bandpasses) is armrablsominimum value. Thus
the requirement is restated as: “the differential optical dispersion betbegms propagating through
any two delay lines shall be such that there is less than 0.175 radianseoédtfl optical phase change
across any bandpass with a fractional bandwidth of 5% anywhere withid,tH and K astronomical
photometric bands and across any bandpass with a fractional bandWii?e anywhere within the
astronomical R and | bands.”

The phase change across any bandpass can be reduced by applgixtga delay, the so-called group
delay, which minimises the gradient of the phase change with wavelengtte| Tdbshows the calcu-
lated dispersion effects of 1m of differential air path at 1 bar presduis assumed in this table that
only one group delay correction can be applied to a given photometriqgphasdand this correction
is chosen to minimise the phase gradient at the centre of the bandpass.bi saen from this table
that the group delay centres for different optical bandpasses &eetif by distances of order microns,
which would need to be compensated for by having extra differential dpiith length adjustments in
different beam combiners operating in different passbands. Moieusds the phase change across the
bandpasses, which for these purposes are most important at thefékdgd dand (centred on 1.2%)

— at shorter wavelengths the narrower (0.5%) bandpasses make tessiiggeffects less of a problem.
In the J band the phase change across a 5% bandpass for 1m of ad@isaiiians. In order to meet the
requirement of 0.175 radians of phase change for 400m of optica| fhédlpath needs to contain less
than 3 parts in 1000 of air, i.e. a maximum pressure of 3 millibars is allowed. Tw aticengineering
margin of safety, the design goal for the delay line vacuum system hassbéeto 1 millibar.

1.3.2 Wavefront errors

As in normal air, atmospheric “seeing” can occur in vacuum pipes with wakiir, if pockets of hot
and cold air occur in the optical beam. The most likely cause of large tempedatierentials in the air
is heating from the trolley itself.

As shown later, the trolley temperature may be of order@igher than the vacuum pipe wall, say
30°C in with a pipe wall temperature of 10. We can imagine that, as the trolley slews down the delay
lines, it may shed random “blobs” of heated air atGPeach of order 20cm in diameter. The differential
optical path introduced by one such blob of air at a pressure of 1 milliba84&. If the pipe is filled
with such random blobs, there will be 1000 such blobs in the outward ogtiathl and 1000 in the
return path, for a pipe of length 200m. If the blobs are randomly mixed withskénldOC, then the
RMS optical pathlength perturbation will be of ordg¢i000x 3.84= 121nm, which exceeds the delay
line wavefront error budget.

However, the above scenario requires that the heated air blobsestowarlong time. In fact the thermal
time constant of the blobs will be small in a low-pressure environment. The tinstantt of a sinusoidal
temperature perturbation of wavelengtis given by

(AN
K \2n

whereK is the thermal diffusivity given by.
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Photometric band Wavelength Group delay offset Phase offset

(um) (um) (radians)
R 0.63 10.88 1.1324
R 0.66 9.62 0.2489
R 0.70 8.56 0.0000
R 0.73 7.65 0.1954
R 0.77 6.87 0.7014
I 0.81 6.10 0.5188
I 0.85 5.37 0.1141
I 0.90 4.74 0.0000
I 0.95 4.20 0.0898
I 0.99 3.74 0.3224
J 1.12 2.67 0.1899
J 1.19 2.30 0.0418
J 1.25 1.98 0.0000
J 1.31 1.71 0.0329
J 1.38 1.47 0.1183
H 1.48 1.12 0.0818
H 1.57 0.91 0.0180
H 1.65 0.73 0.0000
H 1.73 0.58 0.0142
H 1.81 0.44 0.0510
K 1.98 0.22 0.0343
K 2.09 0.10 0.0076
K 2.20 0.00 0.0000
K 231 -0.09 0.0060
K 2.42 -0.16 0.0214

Table 1.1: Dispersive effects for 1m of dry air at 1013 mbaspure and 2@ temperature, tabulated
for wavelengths corresponding to the edges of sets of 4rgpebtiannels with 5% bandpasses, centred
very roughly on the R, I, J, H, and K photometric bands. Groelpyloffsets are relative to that required
to compensate for the phase gradient at a wavelength pfi2 @hereas the phase offsets are relative to
the centre of the relevant photometric band, and calcukdedming perfect group delay compensation
at the centre of each band.

with k being the conductivityC being the specific heat capacity apdhe density. The thermal diffu-
sivity of air increases with decreasing air pressure because the aafitlguremains roughly constant
(providing the mean free path is smaller than the smallest dimensions beingeredsjcas does the
specific heat, but the density falls. Substituting- 40cm (i.e. the largest sinusoidal perturbation sus-
tainable in a 40cm pipe) and a thermal difussivity appropriate for air at 1 milliea arrive at a time
constant of 0.213 seconds.

The time taken for the trolley to move by 20cm at 1m/s slewing speed is 0.2 sesorglen moving at
its maximum speed, the trolley cannot create more than 1 blob of heated a# tref@revious blob has
dissipated. Thus the air is unable to sustain temperature perturbationsdarongh to fill the pipe
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with differentially heated blobs of air. In reality the effective size of the d@amirthermal perturbations
will be smaller than 20cm, perhaps the size of the gap between the trolley apigp¢heall (1cm), and
so will dissipate even more rapidly than indicated above (note that the thermatdins¢éant scales as
the square of the spatial scale of the perturbation). Thus the maximumrestvpérturbation due to
differentially heated air in the pipe can safely be assumed to be negligible.

1.3.3 Thermal conductivity

A positive aspect of the residual air in the pipe will be its thermal conductiglitgwing the trolley to
dissipate heat by conduction through the air to the pipe walls. The thermdicibrity of air remains
approximately constant with decreasing pressure until the mean free fptiith molecules becomes
larger than the typical distance over which the heat is to be transfermed. dylindrical trolley running
inside a cylindrical pipe, where the gap between the trolley and the pipe vedlbisler 1cm, then the
pressure at which the mean free path becomes comparable to the gapisrapply 0.03 millibar. Air

at 1 millibar therefore has the same thermal conductivity as room presstre. about 002wnr 1K -1,

For a trolley 2m long and 35cm in diameter, i.e. with a total surface area ftBen the trolley surface
can sink heat to the pipe wall at a rate of about 4WKTherefore to dissipate a peak power of perhaps
50W, the trolley temperature needs to be about°X2tiigher than the pipe. We adopt a design value for
the temperature differential between the trolley and the pipe Gt 2@ allow for the thermal resistance
of the trolley and between the trolley/pipes and the air.

1.4 Catseye optical analysis

Here we determine any fixed and varying aberrations introduced by tivalogesign of the trolley, con-
centrating on the novel aspect of the optical design, namely the correttiba beam shear introduced
by pipe imperfections.

1.4.1 Design overview

The basic optical design for the MROI delay lines comprises a parabolic gyrimiaror with a planar
secondary mirror mounted at its focus. In this design (see Fig. 1.2 fort@ocaof the arrangement)
an incident collimated beam will be focused onto the secondary and rezonajning collimated, back
along the original direction it came from displaced by a fixed separafiofiror the proposed MROI
trolleys, S= 160 mm, the focal length of the primary)( is 1200 m and the input and output beam
diametersD) are 95 mm.

In the following sections we quantify the requirements placed on the optidairpeince of the MROI
delay lines from the top-level science requirements, and present thisraisa ZEMAX analysis of the
carriage optical design so as to assess the difficulties associated with nteetiagequirements.

1.4.2 Relevant requirements

The Risk Reduction Experiments Review document allocates a total staticomiverfror of 60nm to the
delay lines (including the delay line windows). Static tilt errors will have nectfon the interferometric
fringe visibility because these will be taken out in the nightly alignment of thefartmeter, so in
practice this means higher-order wavefront errors.
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?l# M
5,{ 1

180m 1.2m

Figure 1.2: A cartoon showing the optical set up proposedhfeiMROI delay line carriages with the
input beam travelling from left to right and exiting at thevier level to the left.In this schematic figure
the wheels of the carriage are show located underneath itihhanyr(M1) and secondaryM2) mirrors
which are separated byZlmetres. Imperfections of the inner pipe surface, on whiehdelay line
carriage wheels run, are characterised by the quanfitieandAy,, which represent the heights/depths
of any excursions of the real pipe surface from a flat “petfpigte.

Defocus RMS high-order Wavefront tilt
(um)  aberration (nm)  (arcseconds)

10 4.5 0.23
20 9.0 0.46
30 135 0.69
40 18.0 0.92

Table 1.2: Wavefront aberration and induced tilt as a fumctif secondary defocus.

There was no requirement set on dynamic tilt errors induced by the delypdinause these were
thought to be negligible due to the retroreflecting nature of the catseyie,flagt these are the dominant
aberrations induced by various dynamic misalignments which may be presestioan below. A
requirement of a dynamic tilt error which introduces no more than 1% chenfyinge visibility at

a wavelength of 1.64m is therefore proposed. Assuming that the tilt errors in different delaslin
are uncorrelated, this translates to a requirement of an RMS dynamic tiltadnno more than 0.216
arcseconds (i.e. 1.pEad) in each delay line.

The total dynamic change in pupil shear allowed over the stroke of the tietais 1mm RMS. Note
that the above dynamic angular error will cause a beam shear of only O&mma 200m path, i.e.
small compated to the allowable beam shear.

1.4.3 Effect of catseye defocus

If the distance between the catseye primary and secondary mirror is acttyegqual to the primary
mirror focal length, this will introduce a defocus to the catseye. Its efiadthe starlight beam will
be both to introduce a defocus aberration in the beam and also to introdhem@e in the tilt of the
outgoing beam, i.e. the catseye will not be a perfect retroreflector. &hating tilt and higher-order
aberrations were calculated using the ZEMAX program for varioug®irothe primary secondary
despace and are shown in Table/ 1.2.

It can be seen from the table that the high-order aberrations are withialtveed error budget for
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Rotation RMS high-order Wavefront tilt
(millirad)  aberration (hm)  (arcseconds)
3.33 2.8 0.14
5.0 6.8 0.33

Table 1.3: Wavefront aberration and induced tilt as a funmctif rotation about catseye vertex.

defocus values of order gth. On the other hand, the dynamic tilt error budget is exceeded if the
despacehangesy more than about 10n after the interferometer is aligned. By way of comparison,
a 1 metre long bar of Aluminum will expand by pf for a 1 degree Centigrade rise in temperature,
whereas a low-expansion carbon-fibre tube 1 metre longewiitractby 0.1um.

1.5 Effects of catseye rotation and translation

Imperfections in the pipe will cause the catseye to be tilted and translated asliéy tnoves along
the pipe. Any combination of translation and rotation of the catseye as a sdljccho be decomposed
into a translation of the whole catseye plus a rotation about a single pointchesen to be the the
intersection of the optical axis of the primary mirror and the front surfddde secondary mirror -
we hereafter denote this as the “catseye vertex”. In all cases, thé&atians and rotations are denoted
relative to the nominal location and rotation of the catseye, i.e. the opticalfakis oatseye parallel to
the optical axis of the incoming beam and exactly 80mm below its centre.

ZEMAX modelling shows that a pure translation of the catseye with respect twitsnal position
gives the expected effect, namely a translation transverse to the opighlaan amounx gives rise to

a shear in the outgoing beam by an amouqtiit does not introduce any beam tilt or any higher-order
aberrations.

Rotation of the catseye about the catseye vertex causes no additiomakbear, but does introduce
both higher-order aberrations and beam tilt as shown in Table 1.3. beaeen that rotation of the
catseye by more than about 4 milliradians will exceed the allowable tilt errora Belay-line carriage

with a wheelbase of 1.8 m, this rotation corresponds to raising the frontl wtizem above the back
wheel or vice-versa.

1.5.1 Effect of tilting the secondary mirror

One of the primary design innovations of the trolley design is the decision tebctilt the catseye
secondary mirror in order to counteract the shear introduced by #resestranslations of the trolley due
to non-straight pipes. ZEMAX calculations confirm the analytic result thatdgiltire secondary mirror
by an angleB about the point of intersection of the optical axis with the front face of demisdary
causes a change in shear of the outgoing beant 8f But causes no tilt or higher-order aberrations.
Therefore arbitrary translations of the catseye can be accomodated, lonitetly the clear aperture
of the catseye. The clear aperture has been specified to allebmam translation of the incoming
beam with respect to the catseye, which can be compensated fot-#y2amilliradian rotation of the
secondary.

It should be noted that rotation of the secondary about some point whiadt &n the optical axis will
cause the intersection of the mirror face with the optical axis to translate alengptital axis, i.e.
introducing a defocus. For a 4.2 milliradian tilt about a point 1mm from the dpida, the induced
change in the primary-secondary despace will beu#.2
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High-order Dynamic
wavefront  wavefront

Item Amount aberration (nm) tilt (arcsec) Note

Exit window figure 16 Includes deforma-

error tion due to mount-
ing

Primary mirror 26 Based on delivered

figure surface figure of

prototype  mirror,
for two passes

Primary mirror 14 Two passes

support figure error

Secondary mirror 0 Beam only illumi-

figure nates a few microns
of the surface

Secondary mirror 20um 9

static defocus

Secondary mirror 5um 3 0.12

focus change

Secondary mirror 1mm 2 0.10 Parasitic defocus

pivot point caused by 4.2 mrad

misalignment mirror tilt

Catseye pitchor  +3.33 mrad 3 0.14

yaw due to pipe

non-straightness

Total (in 35 0.21
guadrature)

Table 1.4: Delivered wavefront quality error budget.

1.5.2 Summary error budget

On the assumption that the occurence of the aberrations and tilts from ak @btbve effects will
be uncorrelated, we will assume that they add in quadrature, and atriie error budget shown in
Tablel 1.4. It can be seen that the high-order aberrations are welt bodget (60nm was budgeted):
this is because of the need to keep the dynamic tilt values within budget. A tpvedity primary mirror
could be used to save costs.



Chapter 2

[002-01] Pipe Coupling Scheme

Principal risks:

That the coupling mechanism used to join of sections of delay line pipe nhagaiotain a suitable
level of vacuum integrity.

That the coupling mechanism used to join sections of delay line pipe may lgags@nd bumps at the
pipe interfaces that cause the delay-line carriage trajectory to be impadatédiently so as to effect the
delay-compensation performance of the carriage, principally throughdks of the metrology signal.

2.1 Aim

To demonstrate that commercially available pipe can be joined well enough ta@radequately
smooth tracks for the delay-line carriage without requiring expensivéimiag of the pipe ends, and
that the joints are easy to assesmble in situ.

To show that commercial seals on the outside of the joints will provide satisfacacuum integrity
without major work on the outside of the pipes.

To show that the proposed joints have satisfactory electrical propestidisef inductive power tranmis-
sion system. This was not included in the experiments suggested in our bligina

2.2 Method

Two 12’ lengths of 16’ O.Dx 1/2" extruded aluminium pipe were purchased, and each cut into one 10’
and one 2’ length after being measured for straightness and roundness

All 6 ends to be used in the jointing experiment were squared off on a laxge i@iller, but no other
machining was carried out.

The other ends of the two short pieces were turned in a lathe to provideemdldace and a circular
mouth so that end plates with spigots carrying “O” rings could be fitted to ses.th

The ends to be used for the jointing tests were then jig-drilled by hand folitrereent dowels, and
brackets welded on to the sides and top and bottom of each pipe near tfoe greldrawbolts used to
assemble the joints. Figure 2.1 shows the concept and the resulting assembly.
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Figure 2.1: Sketch of the pipe coupling scheme (left) andplob the assembled joint (right). In the
photo there is a drawbolt in the lower flanges only.

i

The jig used is located from the inside of the pipe where the trolley wheels wills@ensuring proper
alignment of these tracks when assembled.

The pipe sections were then installed on the pipe supports (see ChapteicB)had already been in-
stalled in the COAST building. No special equipment was used except a gydeditiic “engine-crane”
as used for removing and installing motor vehicle engines, which was usetithelifipe sections.

The combined assembly of jointed pipe sections and their supports wauseahiy of the experiments
described in this document. This assembly is described in later chapters'&sthig”. A diagram and
photograph of the test rig can be found in Chapter 3.

2.3 Tests

2.3.1 Ease of assembly

All the assembly was carried out by two people in well under one day usityghand tools, the joints
being pulled together by the drawbolts with no problem. Hydraulic pullers wbaie reduced the
effort required but seemed an unnecessary complication at this stage.

No problems were encountered with the alignment of the pipe sections in tle<om the supports.

2.3.2 Mechanical alignment of the trolley wheel tracks

The smoothness of the wheel tracks was assessed in two ways, firaligriigg the embryo trolley over
the joints at various speeds and measuring the spectrum of the resultelgrations (see Chapter 8),
and also by looking for any steps in the trajectory measurements.

As reported in Section 8.9, the acceleration measurements obtained bygtimaittolley over joints
were indistinguishable from those made in other parts of the pipe. The meteagectory measurements
are presented in Figure 2.2 in this chapter, and these also indicate that tedpia no adverse effect.

Although the pipe ends were meant to be square cut, a small amount ofrileglihad been carried out
to make them safe to handle. This means that there is in effect a smalt@apfim) between the pipe
ends at the surface even when the pipes are touching. To test howssi® might be, a definite real
gap was introduced into one of the joints by inserting a shim between the pigeeeating some of
the measurements
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Figure 2.2: Optical shear measurements made while runhmgadrt over two of the pipe joints at a
velocity of about 0.15 m/s. The joints have little effect be shear other than being the transition points
between the gradients of adjacent pipes. This data is atsoibdata plotted in full in Figure 4.4 in the
discussion of optical shear tests (Chapter 4).

Table 2.1: Dial gauge measurements of steps at two pipesjoirtie left-hand three columns contain
measurements at the West wheel track and slightly to eaetos$id, and the right-hand three columns
contain the corresponding measurements near the track otller wheel.
Step at joint going south (mm)
lcmW W.Track 1cmE Pipebottom 1cmW E.Track 1cmE
N Joint  -0.10 -0.03 +0.80 +1.0 +0.02 0.00 -0.16
S Joint  +0.40 +0.35 +0.40 -0.50 -0.15 +0.05 +0.30

It should be noted that it is our intention in the real pipe joints to introduce a spating shim (0.2 to
0.5 mm) at the bottom of the pipe so that the ends of the pipe sections only touud jgiace. This is to
allow some flexibility in the joint, and relax the tolerance on the squareness pift@ends. Obviously
we need to know what size of gap can be tolerated for this purpose.

The northernmost joint was opened and the trolley run over gaps up to 3withiiine results shown in
Section 8.9. Gaps of 2.1 mm or smaller were difficult to detect in the accelenodste and even the
3.7 mm gap only gave rise to 11.8 nm RMS OPD error at a velocity of 2.2 mm/s.

Secondly a dial gauge was attached to the trolley and moved slowly overrtheand south joints both
along the intended track of the wheels and about 1 cm off to each siddditioa a measurement was
made at the bottom of the pipe for comparison. The results are preseniaiolén?T].

Apart from the S.W. track the steps at the intended wheel tracks are nescthbn those 1 cm to each
side, and quite acceptable, while the lack of match between the shape oferengipis clearly visible.
The slightly less good alignment of the S.W. track is due to the guide blocks atotire! drilling jig
covering too wide an area of the pipe. The blocks were made wide intentigaadiyoid bruising the
pipe, but they should properly have been made to match the wheel profile.

This clearly shows that the method of drilling the dowel holes is able to comigeaisthe wheel tracks
for pipe ends that are out of round or different diameters.
2.3.3 Vacuum Integrity

The vacuum seals were installed on the pipes during the assembly prinigasity with no grease,
and with no preparation of the pipe surfaces, though these were quliedsaded in places either by
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handling or during manufacture. The “O” rings on the endplates werasgteas they have a much
smaller contact area.

On first pumping the system down no problems occurred, but the vacasmaet held overnight. After

re-torquing the seal clamping screws and two further pump downs a leakof® mb per day was

obtained. This is still not good enough, but the vacuum test was tempaosasfended while tests on
trolley motion in the pipe were carried out.

The joint over the most badly scored section of pipe was moved to allow mieehaests on joint
separation to be done, and the worst score was partially polished out.rédssembly, again without
grease the test was continued, and after a loose co-axial connedtbeba tightened a leak rate of
1.3 mb per day was achieved. This is still not entirely satisfactory even alijofeinthe fact that we
have three seals in a 7 m pipe run whereas the real pipe will have oria Seal 6 m.

It must be stressed however that these results were obtainchajthior preparation, or even inspec-
tion, of the pipe ends except that mentioned above, and no grease e@thsruthe seals which would
undoubtedly make a substantial improvement.

2.3.4 Electrical Continuity

A simple test of the electical conductivity of the pipe joints was carried outd®gipg a current along
the pipe run and measuring the voltage drop across the joints. The resisfahe joints was less than
0.5 milliohm which is very satisfactory.

2.4 Conclusions

We have demonstrated that the proposed pipe jointing concept prodintesrjcommercially available
pipe satisfactory in all respects for the MROI delay line system, while reguiriy a moderate amount
of simple machining work on the pipe ends.
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[002-02] Pipe Support

Principal risks:
That it may be difficult to design and fabricate a suitable pipe supportrmyista cost effective manner.
That building a suitable system within a sensible space envelope may hdtdiffic

That the proposed supporting mechanism may lead to the possibility ofmeahoscillations of the
delay line pipes.

3.1 Aim

To design a pipe support scheme for the delay line vacuum pipes whichyidemstall, is easy and
quick to align, provides adequate support and constraint for the pipe fitting in the required space
envelope, and allows for the expected range of thermal and vacuureitiagnovement without being
unduly susceptible to vibration.

To build a “test rig” consisting of short run of delay line pipes with the psgzbsupports, verify ease
of installation and alignment, and measure the test rig’s vibration properties.

To use the test rig results to validate dynamical modelling of the vibration grep&f a 200 m pipe
run.

The specific steps involved in realising the latter two aims are:
e Measure the vibration spectrum of the test rig and where possible estimadartipgng of the
significant modes.

e Develop an initial FEA model of the delay line test rig, assess the longitudinkladeral reso-
nance features and compare them to the measured performance of tge test

e Extrapolate these results to a longer sequence of jointed pipe.

¢ Develop a simple model for the delay line pipe to be included as part of thalbrerdel for the
delay line trolley used in Chapter 8.

3.2 Support Design

Consideration of various support schemes such as rigid mounting, roflsigling pads showed that
either very large forces would have to be contained, or that quite largedglus probable stick-slip

13
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Figure 3.1: Side view of the test rig showing the pipes, flexunountings and pipe cradles.

motion would result. The only sensible method is to use flexure legs, and taesdechbe quite long
— 1m or so — to avoid excessive height changes at the “free” end giipes. However the flexibility
at the joints of our proposed system of pipe jointing means that the pipe dblsave to be forced to
lie straight as it would with flanged joints if there was any build up of toleranééso the weight of
the pipe sections is such that gravity is sufficient to cope with vacuumdortiee pipes are however
strapped down on the support cradles to make sure that there is ndetesgen the pipes and the legs.

Absence of large sideways forces (see Chapter 2) means that theolegst deed a wide base for
stability, so that the legs and cradles are only the same width — 16" — as theanpebe bases are 22”
wide so easily fitting into the 24” centre spacing proposed for the whole dgktgm.

The trial supports — 3 for 2 pipe sections and 2 ends — are identical,te¢he¢pne of them has diagonal
struts added in the longitudinal direction of the pipe to simulate a fixed end. Wittethaes used in

the initial trials the system would be unstable for large longitudinal deflectionsti€onstrained (as

shown in Figures 3.1 and 3.3). The flexures are intentionally made sofitceehe force required to
deflect the large number of legs on each pipe in the final system, and toerdtkishear load on the
pipe alignment dowels necessary to bend the upper flexures (seesfiglii@nd 3.2).

The legs are made of RHS mild steel, and the flexures, two at the top and tveokatttbm of each leg,
are made of steel plate bolted between clamping plates so they can be chanijeid need be.

The legs for the trial system are installed in the COAST building on studs lkdantizholes drilled in
the existing floor. No grout is used under the leg bases so the heigheeajusted both up and down.
No specific provision was made for lateral adjustment, as this is such arghptiut small sideways
movements of the top of the legs could be made by very slight transversé wrtioal setting of the
legs. The resulting sideways movement when flexed longitudinally would lyesesond order and
likely to be less than the first order effect of not getting the rest planeedfdékures perpendicular to the
length of the pipe. In the final system it would be prudent to elongate the mgumties in the bases
transversely to allow for poor placement of the studs.

The pipe support cradle on top of the legs is fitted with oversize bolt holdsasdt can rotate slightly
in azimuth if need be when the pipe sections are installed.

It should be noted that whilst the two sections of pipe resting on each doatdace each other so
that small relative vertical movements are easy to make while lining up the douteltheir holes, the
flexures are not stiff enough to support one pipe by itself. Measuresstdct the cradle movement
during assembly must therefore be taken (for the test rig assembly repesised).
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Figure 3.2: Schematic end view of the pipe supports, shotfiadlexures.

Figure 3.3: Photo of the test rig from the north end showirg ldngitudinal Testraint (behind the
northernmost flexure).
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3.2.1 Support Installation

The layout of the bolt holes in the floor was marked out by referencettetalsed wire, using one of the
leg bases as a template, and all the holes were drilled and the bolts fixed bgdple pn one morning.
No problems were encountered in fitting the leg bases which were left in piajigs while the bolt
bonding cement set. The three legs were then assembled piecemeal rsoreip the afternoon and
the alignment checked visually. Small adjustments were then made in heighvahad¢he floor itself
was not quite flat. If the legs were to be assembled first it would help to hasrsired bolt holes, and
to use the small crane used for the pipes to lift them in place.

3.3 Vibration modelling and tests

A basic structural FEA package called CadrePro V was used to dev8Dpraodel of the test rig. The
package provides the modes and visualised mode shapes together witfonoela accelerations and
displacements, effective mass and patrticipation factors etc. This is sufffici@ompare with actual
measurements but it is also possible to assemble a modal model which, togétheyserved damping
data, can be manipulated to produce a state-space modal model of suitaldgderder for inclusion
into a simulation study, as was done for the OPD analysis in Chapter 8.

The test rig frequencies and damping were measured using accelemmoetdatain the response to
simple impulse disturbances. The accelerometer data was processedimeguodier spectral densities
which formed the basis of the comparison with the FEA results.

3.3.1 FEA model

The FEA model based on the test rig is shown in Figure 3.4. The model sseped by a single tube
7.2mlong, 0.406 m diameter, composed of 12.5 mm thick aluminium plate elementsstind on three
identical cradle assemblies. The cradles and legs are formed of stéebawdgtube to the dimensions
used for manufacture. The flexures are represented by steel pitatelseal at the appropriate nodal
positions. The points representing connection of the stand to the floomapey zero displacement
nodal constraints. The longitudinal constraint at one end of the pipaezasnplished using appropriate
boundary conditions at the fixed cradle which provided the obsenstddirgitudinal resonance. These
approximations resulted in somewhat higher frequency predictions thalu we realised in practice
but are adequate for this particular task. The influence of the floor @mahithor bolts that the stands are
attached to was not taken into account and so there is likely to be an additerfaéquency mode in
the lateral and vertical directions which the model does not predict. Thig f particular significance
unless the actual frequency is very low due to a poor quality floor. Th®MiIlay line foundations
are likely to be much better than the non-structural floor on which the testfiigth

The output from the FEA was examined and the frequencies with the largeistbution to vibration
amplitude in each direction (axial, lateral and vertical) were identified. Tihhegaencies are presented
in Table 3.1 in the results section for comparison with the actual frequersieswmined in the vibration
tests.

3.3.2 Vibration test method

The equipment used for these tests included two Bruel & Kjaer DeltaTromaitg amplified piezo
accelerometers suited to modal analysis. They have a bandwidth from @A6kHz. ICS piezo-
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Figure 3.4: FEA model of test rig, including pipe supports.
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Figure 3.5: Locations for accelerometers and excitatiotestrig: accelerometer locations A to G and
impulse locations marked “Imp” can refer to all three legd both pipes.

resistive silicon accelerometers were also used but these had a banolvidith to only 800 Hz. A two-
channel Siglab unit connected to a portable PC running MATLAB and gordd for spectral analysis
mode provided data acquisition facilities and real-time spectral analysis.

A number of locations were identified for placement of the accelerometdthampplication of impulse
loads; these are shown in the sketch in Figure 3.5.

About 45 tests were undertaken to identify the various modes in the assemtiigtshey could be
compared to the results from the FEA model. Damping ratios for the fundanmemdizls were calculated
from the impulse response using the logarithmic decrement method and tindke &gnificant but
well separated higher frequency modes were estimated using the “d@kgp method. This uses the
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Ibtest33 — Pipe 1 and Pipe 2 axial vibrations at leg2 and leg3 due to axial impulse at leg 3
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Figure 3.6: Power spectral densities of axial vibratiopogse to an axial impulse applied at leg3. The
top trace is the response monitored at position F of pipe tadottom trace is the response monitored
at position F of pipe 2.

relationship between the frequencies of the half-power points and the Peat is:

7~ Wp — Wa
r 26y

: (3.1)

where(; is the damping ratio ana, anduwy, are the frequencies either side of the resonance where the
power spectral density has dropped by 3 dB from the peak value.

3.3.3 Vibration test results

Examples of power spectral density obtained from test rig impulse respame shown in Figure 3.6
and Figure 3.7 below. In Figure 3.6 the simultaneous axial response lofpgae to an axial impulse

at leg 3 is shown. The axial response near the end of each pipe is idlenttba first resonance of

14 Hz. The next significant peak, at 118 Hz, is the first piston mode dttred framework due to the
top and bottom flexures. At higher frequencies there are reducedtmdgmat pipe 1 compared to pipe
2, which is supported by the leg to which the impulse was applied.

The implication of these results is that there is unlikely to be increased dampiag iiacreased number
of sections for the lowest modes but there may be a reduction in transmidsiibration from one
section to the next at higher frequencies. In particular, the sectionedphpaves as if it is a continuous
piece of pipe for the lowest modes of vibration and this justifies modelling the dieka pipe as a
continuous pipe.

The magnitude of the second peak at 118 Hz may look alarming but it shoudairigenbered that:
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Ibtest37 - Pipe 2 vertical & lateral vibrations at centre span due to local upwards vertical impulse
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Figure 3.7: Power spectral density of the response to ace¢ithpulse applied close to the accelerom-
eter positions at the centre span of pipe 2. The top traceigdHical response measured at the top of
the pipe and the bottom trace is the lateral response mebatiiee side.

1. Animpulse is a broad band excitation specifically applied to excite the higiguedncy modes
and is of a magnitude unlikely to be encountered in normal operation.

2. The amplitude is 16 dB below the major axial resonance which is shown latgsisection not
to be a problem.

3. The displacement is proportional tgu¥ so at this frequency it is going to be extremely small
(10 nm RMS in this case) which if it got past the trolley wheels at all woulé faéurther 55 dB
of passive rejection from the cats-eye/flexure arrangement.

Figurel 3.7 shows the vertical and lateral response at the centre spgred? due to a local vertical
impulse.

The first vertical mode at 45Hz is clear and is the first rigid body mode ofshale pipe in that
direction. The strong resonance at 227/232 Hz is identical in the latedatextical directions and is
possibly a combination of vertical and lateral bending modes of a single lefigipe. Lateral modes
from 17 Hz to 66 Hz are lower than the FEA prediction by about 30% whiclotigar outside the 25%
acceptability criterion. The mode at 11 Hz is not predicted at all. These éalvfieequencies and an
unpredicted mode are a typical result of an un-modelled but substantiglliemce somewhere in the
pipe support and is probably due to un-modelled connection details at thdifiogs, the floor itself
or both. However, this is not a serious problem as this mode can be imateganto the model now
that we know it exists. It is also unlikely to present a problem for the MR&3igh since (a) the piston
mode of the pipe will have the lowest frequency and is shown in Section 3.# poesent a problem
and (b) stands would be mounted on a structural foundation.

The mode at 230 Hz produces a vertical displacement amplitude of 10.7 nghdRigl to the impulse.
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Table 3.1: Significant observed frequencies and identdi&lA modes of the test rig.

Actual Freq. | Damp. {; | Comments FEA Pred.

(Hz) (%) (Hz)

Axial modes:
13.7 25 Main piston mode of the test rig 14
83 0.5 Piston mode of stand associated with 1st vertical pipe mode 85
118 0.9 The piston mode of the support stand (legs) 116
125 0.3 Coupling of 2nd vertical bending mode of pipe 137
196 0.5 Axial mode of the support stands (legs 192/193
337 Piston of pipe on flexures (350 Hz is theoretical free axiatie)qg 353

Vertical modes:

45/49 1.3 Rigid body vertical mode of the test rig 58
83 0.8 1st vertical bending mode of pipe 88
125 0.3 2nd vertical mode of pipe not seen at leg 2 (i.e. is a node) 137
216 0.4 Vertical pipe mode observable at support locations 233
220 0.3 Bending mode of the pipe at centre span of each length 226
230 0.3 Vertical bending mode of single pipe as is 630Hz and 1150Hz 263

Lateral modes:
11 2.0 Possibly a mode due to floor and fixings -
17 20 Lateral rigid body mode of whole test rig 22
22 1.8 Affects pipe 1 & stand 2 but not pipe 2. Lateral mode of test fig 33

37/39 0.9 1st lateral bending mode of pipe 59
60 1.2 Lateral stand mode associated with stand 1 94
66 1.2 Lateral stand mode associated with stand 2 94
105 2nd lateral bending mode of pipe 135
230 Lateral bending mode of the pipe as is 630 Hz and 1150 Hz 257

This faces 20 dB of isolation due to the trolley wheels and then a large amotgjeofion due to the
trolley mass. Only some very small fraction of what is transmitted would couplehrt®PD direction
at the cats-eye. So the effectés1 nm.

The observed frequencies, the associated damping estimates, whiedgevand the FEA modes most
likely to be identified with them are presented in Tablel 3.1. The higher fregumodes will have
extremely small amplitudes as has been explained.

3.3.4 Effect of moving trolley on pipe vibration

An approximation of the peak magnitude of axial displacement can be madkibyg the peak accel-
eration from the time response to an impulse at the end of the pipe and divigitng Isquare of the
frequency. For the principal axial mode at 14 Hz a specific test yieldeateeleration of 0.08 m/sec
and hence a peak displacement of 168 The force applied can be estimated from the relationship

F x At
V=

—. (3.2)

wherev is the resulting maximum velocity; x At is the area under the impulse function ands the
mass of the object receiving the impulsit is estimated from the initial impulse response hence the
force can be obtained.

For this specific test the velocity was obtained from the peak acceleratoefféttive mass of the pipe
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in the test rig is 330 kg andt is 10 msec. Hence

_vxm  9.1x10x330

F At 0.01

= 30N. (3.3)

So for an applied axial impulse force of 30 N the displacement isjif1,3.e. 0.3um/N.

It is not expected that variable forces imparted by the trolley during trgokiould be more than 1 N
RMS and therefore the axial displacement of the pipe from this sourckllwewnly 0.3um RMS. Even
if the trolley were able to follow all of this motion of the pipe the passive rejectioneaof the MROI
trolley cats-eye would reduce the OPD displacement by 55dB, i.e to 0.53 nB. RNe closed loop
cat’s eye servo could be expected to provide around 17 dB of rejedtiehHe for a servo bandwidth of
180 Hz, and hence the residual cats-eye displacement would be defdoire0.53 nm to about 0.07 nm
RMS.

A specific test was carried out on the test rig to assess the vibration ohdydke embryo trolley driving
at slewing velocities. Accelerometers were placed on the pipe to monitor axialeatical vibrations
at the centre span of pipe 1. The reaction of the pipe was recorded wéitathwas driven along it at
11 mm/s, 55mm/s and 110 mm/s. The axial mode of the test rig at 14 Hz is evident iackgrdund
spectrum at -75 dB. This increased slightly to -74 dB for a trolley velocit{ binm/s, to -58dB at
55mm/s and to -52 dB for 110 mm/s. This last result corresponds to an axiabisnent of the pipe of
only 0.44um RMS. There was much less of an increase in vibration of the pipe in thealatiiection
when the trolley was in motion. At the first pipe resonance at 45 Hz the bawikd level increased from
-85dB to -80dB at 50 mm/sec and to -72dB at 100 mm/sec. These tests cordirtrotiey induced
vibration in the pipe is insignificant in the modes that are most easily excited.

3.4 Extension of model to 200 m

The results from these tests show that the FEA model is sufficiently repatise to justify extending

it to a long delay line model. The individual modes of a single pipe length anddhdsthat support it

are not greatly modified by extensions to greater lengths. Slight material factuming and assembly
differences produce slightly different frequencies and the effiedboation on one pipe is to excite the
modes of the next with some dissipation of energy in the process. So ahanyoint along the pipe
the vibration characteristics will be those of that particular section plus tfdke overall length of the

delay line.

The method chosen for modelling the whole length was to calculate a reptasestiéfness for each

orthogonal degree of freedom of a support stand and to treat thdipépas a single beam with 40 5m
sections, sprung at 40 nodes and an anchor point with assumed rigiditgtaln the most significant
modes of each pipe section the 5m sections are represented by 10 besntsleTo validate this

approach the scheme was applied to a 7.2m length beam split into sixteen elénmmesent the

test rig model. The output of the FEA for the beam model was then compated tetailed model to

ensure that the modal frequencies were preserved to within 10%. Thithe/@ase for the low flexure
modes under consideration except those connected with sub-modesstéditides.g. the piston of the
legs. Axial rigid body modes were accurately predicted as expectecehtital and lateral rigid body

modes were not and this is probably due to a modelling error or oversimplificdlience some further
work needs to be done to ensure these modes are captured.

The 200 m beam model was assessed for bending modes and the firstnpigte since the modelling
of the 7.2 m beam did agree well with the detailed model for these modes. ah&atje results are:
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1. For an infinitely stiff anchor at one end of the pipe line the first piston niede4 Hz so any
realistic implementation will result in a lower frequency than this. Does it mattesgdan the
disturbance amplitudes calculated for the test rig in Section 3.3.4, if we allowedQPD error
instead of 0.07 this gives a factor of 14 by which we could sifft But there is an additional
factor of 27 because the mass of the pipeline is increased by this muche wWertould alloww?
to change by a factor of 378 hen€eould drop from 14 Hz to 0.72 Hz. If we were to increase the
mass of the test rig by a factor of 27 then the frequency would drop byqgters root of 27, that
is to 14/5.2 = 2.7 Hz. So we know there is no problem in providing sufficient anchor sti$n

2. The first 3 modes are piston modes, 6.4Hz, 19.1Hz and 31.8Hz. Mo¢et®Hz) and 42
(57.3 Hz) are also piston modes.

3. Many lateral modes and mode shapes exist from 46 Hz upwards withittogppl mode being
46 Hz. This means that if the pipe is disturbed the amplitude of this frequencdywominate
all other lateral frequencies by a factor of at least 10:1.

4. There are many vertical modes and mode shapes from 44 Hz upwatdheadominant is at
78 Hz.

5. Observation of the dominant modes leads to the conclusion that theysaakdoathe first bending
mode of the pipe section, 88 Hz for the vertical mode and 59 Hz for the laféralamplitudes of
these modes dominate all the others by a factor of 10 or more and theratoneed only include
these modes to obtain a sufficiently representative model.

6. The amplitude of the axial mode dominates that of the vertical and lateralsraaddor the same
reasoning as presented in point 3 in Section 3.3.3, these modes will prawjdexeremely small
displacement amplitudes which would be easily rejected by the carriage bseggient cats-eye
passive isolation.

Although the 200 m beam FEA model is not fully representative in the lateeadtbn, applying a load
spectrum using the shock spectrum tool available in the software is inggugtiflat spectrum of am-
plitude 0.01g over bandwidth 0.01 Hz to 2kHz was applied through eachairestrnode hence each
of the 41 support locations received this acceleration. The progréoulais the resulting displace-
ments over all the included modes and provides an RMS displacement. Scaliegtilt to provide the
RMS displacement for 1 N produces Oyirth in the axial direction, 0.0dm in the vertical direction and
0.08um in the lateral direction. The axial result is consistent with that present8edtion 3.3.4 and
the lateral and vertical results are expected to be less because of teefiégfuencies.

These results quantify the expected deflections due to excitation of th&dshodes which include
the most significant modes of the structure except for the lateral rigid buamtle. The displacement
contribution from this can be estimated from the relationship

d=— 3.4
—. (3.4)
whereF is 1N RMS, mis 330kg (one length of pipe plus 50% of stand) anés 22 Hz. This gives
0.16um RMS which can be added in quadrature with Qu@Bfrom the other modes to give O.[ith
RMS. This result is also consistent with other modal deflections and, &sors already discussed,
presents no significant contribution to the OPD error.



3.5. CONCLUSIONS 23
3.5 Conclusions

The pipe supports as used for the test rig are quick and easy to instadlignd More tolerance for
lateral alignment on a long run could easily be provided by elongating théblels in the bases.

Comparison with the measured performance of the test rig has shown thel@mtent modelling to be
representative for the frequency range considered. Hence thddeéBAique can be used to develop a
general model for the support of a 200 m pipe.

The damping ratios are within the range expected for structural dampirg 0.2%) and vary with
frequency, as expected. Damping associated with the stands, includiicgh@nd lateral motion of the
pipe is generally 1% to 2% for the low order modes so a general value of dobitd be assumed in a
development of a damped model. Damping of the major modes is unaffected joynihleut there is
some indication that transmission of vibration is reduced from one section texte

Not all low frequency modes of the test rig are predicted by the modelististAlmost certainly because
the floor and the connection to it is assumed to be infinitely stiff. There shedlittlb impact from this
given the low lateral frequency that persists in any case but it wouldi$e tw include some detailing
in future analyses.

The lowest mode of vibration in the OPD direction is determined by the complidribe anchor at on
end of the pipe. In this case a simple anchor is shown to be sufficiently stithéaexpected OPD error
due to the pipe vibrations would be less than 1 nm RMS.

The method of supporting the pipe does not introduce any significant gswitaf modes due to cart
motion. Displacement amplitudes are extremely low, less thapn®.B the most sensitive direction
at tracking velocities. High frequency modes of the pipe produce extresnedyl displacements and
would be substantially rejected by the passive isolation that the trolley dessgegses.

The extension of the model to 200 m using beam elements is mostly successfaeds further work to
ensure that the lateral rigid body mode is captured. Shock spectrunsanadynfirms amplitudes of vi-
bration with this model that are consistent with the measurements on the testeigfdre the proposed
scheme for supporting the pipe in a 200 m delay line more than adequately neeetguirements.
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Chapter 4

[002-03] Carriage Trajectory

Principal risks:

That the carriage trajectory defined by the inner surface of jointed alumipipe may not be uniform
enough to allow the top-level system requirements to be met. In particulththeate and amplitude of
the pupil shifts and wavefront aberrations introduced by a non-ideaiage trajectory will be larger
than can be accommodated by the proposed delay line trolley.

41 Aim

There is arisk that the cart trajectory cannot be made sufficiently sttaigbtnply with MROI require-
ments (from the introduction, a catseye displacement less4bamm and a cart tilt less than 3.3mrad
if the catseye primary mirror focal length is 1.2m). Here we aim to establish wh#ik amplitudes
of beam shear and cart tilt caused by imperfections of the prototype liledagipe and cart are within
those limits. If they are, then the risk associated with this part of the design is taitiga

4.2 Method

4.2.1 Description of apparatus

An overview of the test is shown in Figure 4.1. It makes use of a retrotiftecorner-cube mounted
on the “embryo” cart inside the pipe test rig and an optical table that stgppdaser, various optical
components and a camera. The apparatus measures variations in baaasghe cart is moved from
one end of the pipe to the other.

Considering the components in the order of optical traversal:

e 633nm coherent light from a helium neon laser passes througl @&8m expander and is then
reflected off two mirrors, M1 and M2, that raise the beam height to thateopipe test rig axis
and direct the light towards the corner cube on the cart. The beamapaaduces the change
in beam diameter due to diffraction over the total optical path (10—20m). Thenmniprovide
sufficient degrees of freedom to trim both the beam offset and its ladinettion to match the
average trajectory of the cart and corner cube.

25
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Figure 4.1: Top view of the trajectory experiment hardwakecorner cube is mounted above a wheel
pair of the cart, which is then placed inside the pipe testTlte rig is oriented north-south. An optical

table is located to the north of the rig and supports a lasgrogtical and electronic components for
beam shear measurement.

e The lightis returned by the corner cube, which is mounted on a translatige ate@ve one wheel
pair of the cart (Figure 4/2). At the time these tests were done, the casimvply pulled through
the pipe using string attached to either end. String was also used to cobsiifecs at each end
of the pipe to prevent accidental overruns.

Lateral translation of the corner cube causes the return beam sheaartgecby exactly twice
the corner cube displacement, so as the cart is moved along the pipe, wariatis lateral

displacement with respect to the incoming beam axis can be determined. mlatican stage
can also be shifted laterally using a micrometer gauge and this is used to calilstatar sensor.

e The return beam from the corner cube is reflected off mirror M3 and iawdted by a pair of
polarisers before landing on a screen. The spot position on the stnaages according to the
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Figure 4.2: The corner cube on its translating stage (lefiickvin turn is mounted above a wheel pair
at one end of the cart in the pipe (right). The corner cubelmamgs the stage so that its optical centre is
as close to the centre of the pipe as possible — this redueesfétt of cart clocking on the beam shear
measurement.

Figure 4.3: An example of a laser spot imaged by the camere.“gifaininess” in the image is due to
laser speckle.

beam shear induced by lateral movement of the corner cube.

e A camera and computer software calculate and record the centroid ofdhfsfuture process-
ing. They constitute a “shear sensor” that potentially could be used in th@l&ay line shear
minimisation feedback loop. The camera is an IEEE-1394 digital video deiigibr@in Fire-i
BBW 1.3) with a 640<480 pixel 8 bit monochrome output at 30Hz and a lens focused on the
screen. An example of a laser spot imaged with the detector appears ir Bigur

The laser beam could have been sent through a reversed beandexgaactly onto the camera CCD
rather than being reimaged via a screen, but the screen allowed the imatge lsizchanged simply by
adjusting the distance to the camera and refocusing. It also may havedssigducing the effects of
laser speckle.

Custom software in Linux performs display of each incoming frame andtireal-calculation and
recording of the spot centroid. The program uses a simple “centreeitgtalgorithm with the mod-
ification that the lower half of the range of intensities is set to zero to eliminatedise floor. This
method was chosen for its simplicity of calculation and immunity from effects likeleterdzountered
by an MROI shear sensor, such as variable spot size and intensityl as w#fraction rings with diam-
eters dependent on optical path distance. It was found to work vdhamgkalso proved to be immune
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to the effects of laser speckle.

The output of the program is the centroid position in pixels from the corhtreasensor calculated at
30Hz (the camera frame rate). This is well in excess of the 2Hz bandwidtthth&IROI cart secondary
mirror servo is expected to require.

4.2.2 Experimental Procedure

The experimental procedure consisted firstly of establishing a pixel gwatlee beam shear and then
recording the shear as the cart was manually drawn along the pipe.

e To make measurements of the physical cart displacement it was nectssaltiprate the pixel
scale of the camera. The cart was held at the south end of the pipe gssgdassible from the
optical table) and the micrometer was used to move the corner cube in 0.25nsmidieentroid
position as measured by the camera and computer was noted for each step.

The procedure was repeated with the cart at the north end of the pipeheslathat the beam
shear calibration was independent of the optical path distance usedevEligwhe micrometer
was not accessible in this configuration so it became necessary to saraitthack to the south
end each time a micrometer adjustment was required. Hence there was pdterttial north
measurements to be affected by clocking of the cart during transit, althoegiother cube axis
was intentionally placed as close as possible to the pipe axis to minimise this. Claekéng
indetectable by visual inspection of the cart wheel positions (certainlyHassa millimetre) and
was reduced by a factor of ten or more at the corner cube.

Once the readings were completed, lines were fitted to the results to calculaigehscale, in
millimetres per pixel, at each end of the pipe.

e Having calibrated the detector and set up the apparatus for recordoentbid positions, two
experiments were performed:

1. The shear sensor was set to record centroids at 30Hz and timasgutilled through the pipe
at as constant a velocity as could be managed by hand. The readitgisoble associated
with distances along the pipe due to the uncertain velocity, but measurentbatrahge of
shear deviations along the pipe length could be achieved. Furthermotdgthsampling
rate allowed fine details in the trajectory structure to be seen.

2. To provide more certainty as to the spatial distribution of the shear alopipeone of the
strings used to pull the cart was marked in 5cm intervals. The cart wagptiied through to
each mark, stopped, and a centroid reading taken, until the cart hatsedvhe length of the
pipe. A second, trailing, string was routed through a retort stand to progtdrding friction
so that the measuring string tension was approximately constant. Hence Kiegravere
evenly spaced throughout the pullthrough and the results could be godiethe length
of the pipe. A more accurate distance measurement than the one in expeliowanid be
achieved this way at the cost of reduced resolution. Comparison of thddtasets could
be used to achieve a more complete view of the beam shear, and the sataset dould
also be used to calculate the pitch and yaw of a hypothetical MROI cart widssumed
wheelbase of 1.8m (the cart length is expected to be about 2m).

An attempt was also made to collect data with the cart at a constant roll angjlecmthe horizontal to
discover the effect of cart clocking on shear. However, on retrigneacart was found to have rotated
to a horizontal position during transit. Hence it was not possible to make thisumeaent, but the
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tendency of the cart to move to a horizontal position without active steeriggcisuraging in terms of
overall cart dynamics.

4.3 Definition of Success

From the introduction, the MROI cart trajectory can deviate from a stréiightoy up to+5mm if the
secondary is active. A cart tilt (a pitch or a yaw) of up to 3.3mrad can agolbrated (for a 1.2m focal
length catseye primary mirror).

Recalling that the deviation of the spot centre on the screen (the sheaijestie axial displacement
of the corner cube, if the envelope of return spot positions over theegnfie length fits within a circle
of radius 10mm then the shear criterion is met. Assuming a 1.2m focal lengdyegismary mirror,
if the cart tilt does not exceed 3.3mrad then the tilt criterion is met. If both criteganet, the optical
fidelity is sufficient to allow us to proceed with the “cart in pipe” concept.

4.4 Results

4.4.1 Calibration

The pixel scale of the cart was determined for both the southernmostaaticemmost positions of
its travel. In both cases, the corner cube was translated over a total ofiBi@rd5mm increments
and the centroid position was recorded. Although the change in sheamaialy in the horizontal
as intended, there was also some vertical motion which indicates that the camwersot perfectly
aligned with the plane of the corner cube motion. Accounting for the vertgcaledl as the horizontal
displacement and making use of the fact that the detector has square thi@etsdata yielded a pixel
scale of 0.0267mm/pixel at the south end and 0.0269mm/pixel at the north endt-is,tithe shear
measurement was essentially independent of longitudinal cart positiostasuild be, and there were
no obvious effects due to cart clocking. These values are basedmer @ube displacement and must
be doubled to calculate beam shear.

4.4.2 Manual Cart Movement

Two manual tests were undertaken. The first involved centroid reapatiB0Hz during an approxi-
mately constant-velocity cart pullthrough and the results are shown in Fgdir@ his chart shows the
raw data. It is tempting to subtract a line of best fit so that only the deviattonssome ideal physical
line are shown, but this requires knowledge of the cart position at eswhls time — information that
can only be guessed at due to the uncertain cart velocity.

The second test used centroid measurement at each of many equadlg spacpositions (nominally
5cm apart) along the pipe and is summarised in Figure 4.5. In this case, thendacorner cube
positions are well known and lines of best fit have been subtractedtfreiata to reveal the deviations
from an ideal line. The corner cube position on the cart cannot be mdwedr than 100mm to the
south end of the pipe or closer than 1.6m to the north end because theaanfiised within the pipe
and hence shear measurements have only been made between thosentigo bou

Finally, the data used to produce Figure 4.5 were used to calculate hovothatipal MROI cart with
a wheelbase of 1.8m would tilt (pitch and yaw) if it were to run along this pifee rEsults are plotted
as a function of the midpoint position of such a cart in Figure 4.6.
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Figure 4.4: Measured beam shear deviation as a functiomefduring a manual cart pullthrough. The
data has not had a line of best fit subtracted.

4.5 Discussion

45.1 Cart Trajectory

Figure 4.5 shows that the horizontal and vertical shear ranges are Goh8nam respectively. These
figures are well within the MROI specification éf10mm maximum beam shear with an active sec-
ondary, soa cart with an active secondary using industrial aluminium pipe as an eimgjasupport
mechanism meets the shear requirementthermore, the data overestimate the shear as no attempt has
been made to optimise the cart trajectory by straightening the pipes with résgeath other. Even in
Figure 4.4, where there are still residual slopes in the data, the deviatiothimkes is-5mm and the
MROI specification is still not exceeded.

Looking further into the data, there are slowly varying shear deviatidtrfytable to pipe deviations,
of several millimetres along the run. The change in pipe gradient at joinsoi®bisous in Figure 4/5
— the cart’s shear-minimising servo will need to have sufficient bandwidtleabwlith such changes.

In terms of higher spatial frequency data, Figure 4.4 shows periodiespikmagnitude M to 1/3 of
a millimetre in the vertical. These are caused by the cart wheels, which weoa fiart of the rim due
to the cart having been left in one position for several days before skewere done (the inline skate
wheels were the ones used). The total introduced shear is small, butbgordduced further by:

¢ introducing a mechanical scheme where the cart does not rest on itswiie it is not in use.

e exercising the cart continuously so that flat spots do not develop.

e using a different material for the cart wheels.
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Shear test — COAST pipe assembly, 6 June 2005
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Figure 4.5: Measured beam shear deviation from a line of fite#s a function of distance during a
manual cart pullthrough, with a drawing of the cart in thegpgo that physical test rig features can be
referenced to features in the data (the horizontal scaleslieen matched).

452 CartTilt

It can be seen from Figure 4.6 that for a cart with a wheelbase of 1.8nyathids always less than
1.4mrad and the pitch is always less than 2.1mrad. These are both withindiveneent of 3.3mrad for

a cart with a 1.2m focal length primary. &acart with an active secondary using industrial aluminium
pipe as an enclosing support mechanism meets the tilt requirement

4.5.3 Comparison with Mechanical Data

It is also instructive (and a useful validation) to compare the shear neaesuts with measurements
made of the exterior pipe surface. When the pipes were sent to an intlfiswmifor machining, the
deviation of the exterior surfaces was measured by mounting the pipes arthanmg bed and tracking
a gauge along the lengths in two orthogonal directions. The gauge reatdéng marked on the pipe in
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Figure 4.6: Pitch and yaw of a hypothetical MROI cart with aeelbase of 1.8m as a function of the
cart midpoint position, if it were to run along a pipe with d&tions as measured in Figure 4.5.
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the positions where they were made and are still visible on the test rig. Thes\ahal positions in the
current pipe orientation are summarised in the top part of Figure 4.7.

The bottom part of Figure 4.7 compares these mechanical readings witbahedhear measurements.
Because the mechanical and optical data most likely are referenced gjbctao slightly different
measurement axes, for comparison the mechanical data and extracthdrehear data spanning each
pipe have again had linear best fits subtracted from them. This allows tfegides from straightness
to be compared. Also, the mechanical data for the southernmost pipaeargdrat approximately 45
to the horizontal and vertical and have been interpolated assuming atperéeind pipe. Finally, the
mechanical deviations have been doubled to produce a “prediction” shder measurements.

For the externally measured mechanical data and the internally measureal dpte to agree, the
pipes should be perfectly round and of constant cross-section alenigrigth. The data show that
this condition is approached but not met — the mechanical measurementsoar@rgdictors of the
overall cart trajectory to within about a millimetre (the discrepancy is most likebsalt of the pipe
extrusion process and subsequent handling). Provided that thisaaigallowed for, such mechanical
measurements might be useful during the MROI construction for rejectiregsively bent pipes or for
orienting the remainder so as to minimise cart deviations from a straight trajector

45.4 Shear Sensor Performance

The aim of these tests has been to evaluate the cart trajectory, but théecbtlata can also be used to
evaluate the feasibility of the digital video aquisition method when applied to MR@ology shear
detection.

Calculations for the MROI metrology beam (Chapter 9) show that the diantetiee oegion in which
the intensity is greater thary@ of the maximum will be~20mm. The tolerance on the actively com-
pensated metrology shear 4slmm, so the sensor precision must be better th&#bo of the beam
diameter.
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Figure 4.7: Top: Machine-shop measurements (in mm) of pgéation prior to machining, drawn
in their measurement positions and to scale so that they eaoimpared with the beam shear mea-
surements. The arrows designate measurements made ondéehef she pipe. In the front view, the
measurements are all made on the far wall of the pipe. Botidra:machine-shop measurements com-
pared with extracts from the shear data spanning each pipdatasets plotted here have had the linear
best fit subtracted and the machine-shop measurements dexedbubled to allow comparison with
the shear measurements.
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Inspection of Figure 4/4 shows that for those periods when the cart is nootion (when the time is
less than 8 seconds or more than 47 seconds) the noise in the centroidswrensent is roughly-1
pixel. The beam diameter in Figure 4.3 is approximately 50 pixels, which impliescispn of+2%,
already better than the MROI requirement. Furthermore, the sensorarsiénd$e trials is an array of
640x 480 pixels, so one might imagine choosing optics at the MROI which map thesmthe central
400x 400 pixels of the array (the servo could then be started even when thdampebeam shear was
the specified maximum of 10mm, as part of the beam would still be in the field)eXgexted precision
then becomes0.25%, comfortably exeeding what is required. If further precisiovgsanecessary
there are many IEEE-1394 cameras with larger pixel arrays (but afteregluced frame rate).

4.6 Conclusion

These experiments have established that the beam shear in the pipe sgutiensest at COAST is
much less thar-10mm and the cart tilt is less than 3.3mrad (for a 1.8m wheel base), within tl@& MR
requirements if the MROI carts have active secondaries. Theritfappears that the cart trajectory
and tilt will be within MROI tolerances using the “cart within an evacuated pipehcept provided that
an active secondary mirror is used

Furthermore, in the course of development of this experiment a cheagffantive technique for moni-
toring beam shear (the use of digital video) has been found which cscelex to the detection section
of the MROI beam shear servo itself. The flexibility of this method could alscentakseful in many
other parts of the MROI where low bandwidth alignment feedback is redjuire
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[002-04] Control and Communication

Principal risks:

That it may prove difficult to implement suitable high bandwidth links to camwate with and control
the delay line trolley over a distance of 656 feet in an evacuated pipe.

51 Aim

To establish the feasibility of RF links both to close the cat’s eye servo loophagkneral cart control.

The cat’s eye servo loop requires a low latency link to maintain the necdssg@ripandwidth.

5.2 Method

Three separate experiments were carried out:

1. To replace the hardwired servo link for the COAST trolley with an RF link.
2. To investigate commercial devices for the cart control loop.
3. To measure the characteristics of RF signals in our proposed delayde p

5.2.1 Description of apparatus
Servo loop tests

The core of the experiment are Radiometrix transmitter and receiver modiX84 and RX3. These
are miniature FM UHFradio transmitter and receiver designed for PCB mourifing transmitter is
12mmx 32mmx 3.8mm and the receiver is 17.5mm8mmx4.5mm. Both require less than 0.1 watt
power. They are intended for for data links up to 64kbps but have DPled inputs and outputs, unlike
many other devices on the market, intended for FM radio/audio links. Ther&igopean version at
869.64 MHz and a USA version at 914.64 MHz, both licence free.

The modules (European versions) were mounted on PCB together withcothponents and mounted
in die cast boxes, the connectors and cabling designed so that theyscoplg be inserted either end
of the existing ribbon cable that is used on COAST to carry both the conitbhaalogue servo loop
signal from the control computer to the moving trolley.

35
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Figure 5.1: Diagram of COAST trolley servo loop.

Cart Control

In view of the need to keep cart power to a minimum, an Arcom Viper PV/104esingard com-
puter was chosen. This is ultra low power (2 Watts) and is based on adQit®iHz PXA255 XScale
processor. Itincludes 10/100BaseTX Ethernet, USB, Digital I/O, BBsorts and a Type I/l Compact-
FLASH socket. Arcom supply an embedded Linux which is a space optimig&ibdtion that includes
many standard Linux features such as ssh, telnet and ftp. It also ischigess support for the popular
PRISM chip set and a Linksys Wireless CompactFlash card (WCF12) wtsléd as one end of the
RF link. The “sending” end of the RF link was a D-Link Ethernet wirelesdde (DWL-810+).

These devices operate at 2.4 GHz and conform to the standard 802d feee configured to work in
the “ad-hoc” mode (single point-to-point).

Pipe attenuation

This was measured using a HP signal generator sending a known sigmaldts mounted on the end
plate of the pipe and using a spectrum analyser connected via a long cmilés aerials mounted on
our embryo cart.

5.3 Experimental Procedure and Results

5.3.1 Servo Loop Test

The experiments were mostly conducted on trolley 3 at COAST using inteingés.

The procedure was to set up trolleys 1 and 3 to obtain internal fringes utititiolley servos hard-wired
as normal (internal fringes are obtained by changing the path lengthechron of the interferometer.
This is done by applying a saw tooth waveform to the trolley servo). Thgdramplitude was recorded
together with the trolley position (metrology data). The RF link was then insertddsimnilar data
recorded together with DC levels at the output of the RF link.

Figure 5.2 contains plots of the fringe data with and without the RF link, both watleyr3 sweeping
and stationary. The width of the power spectrum fringe peak is the samatircases, but there is a
slight increase in the power in the wings. Apart from this, the COAST troléhalbed exactly the same
with and without the RF link.

Figure 5.3 shows plots of the servo loop error output based on the metidd@ The top two plots are
without the RF link and the bottom two are with the RF link. These show that therloe is three

times that for the hard wired system and further investigation showed that¢hésse is due to noise in
the receiver discriminator output. The noise level depends on the limitingcesistics of the receiver
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Figure 5.2: Averaged fringe power spectra with (bottom)aitout (top) the RF link, both with trolley
3 sweeping (left) and stationary (right).

and generally does not change greatly providing the signal powerdsiatie Figure 5!4 shows a typical
noise power plot of discriminator output with a signal power level of -4BdBReducing power level

by 10dBs only increased RMS noise level by 0.1 mV. Providing the inpusigrel is kept between

-20 and -50 dBm the peak to peak noise level in a 5kHz bandwidth will bethess5 mV, equivalent

to 20 interferometer counts peak-peak or 0.05 microns trolley displacemdnhardwired figures of 7

counts p-p and 0.017 microns) Note that the nominal power output of thetitiar is 0 dBm and the

overload power level for the receiver is -10 dBm.

Loop Stability

The data sheets for the receiver state that the discriminator output is nonfiffllgnillivolts peak-
peak requiring a following amplifier gain of 25 to give the same output as &SJO(5 volts p-p).
However measurements of the discriminator output showed that the linggrwaas 500 millivolts p-p
requiring a gain of 10. Any drifts in frequency with time or temperature willduce a DC offset at
the discriminator output and cause a shift in trolley position and reduce tige r@ef the servo loop.
During the various servo tests the DC offset was noted. At switch on ttpeibwas adjusted to zero
and after 20 mains the offset was 0.5V (5 % of the total servo loop rardjaranffset of 0.25 micron)
and thereafter drifts were less than 0.1 V.

A separate test was carried out to check drifts against temperaturecamesthis are shown in Table 5.1.
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Figure 5.3: Plots of COAST trolley servo loop errors andvBtipower spectra, from metrology data.
The top two plots are without the RF link and the bottom twowsitl the RF link.



5.3. EXPERIMENTAL PROCEDURE AND RESULTS 39

rfcom10vsa - RF link at nominal gain +10dB and measurement BW 5 kHz
Receiver analogue output
T T T
0.00062922 Vrms. and .0.0050369 Vp-p

1 1 1 1 1 1
0 01 0.2 0.3 0.4 05 0.6 0.7

Welch PSD Estimate (relative to 1V)
-60
T ——— T T T T

Power (dB/Hz)
&
8

[ R

10
Frequency (Hz)

Integrated Power above 5 Hz
T T T

|
\
\

Integrated Power(V?)

H
o,

[
5
-
<

"

5,

"

5,

Frequency (Hz)

Figure 5.4: Noise power plot of RF receiver discriminatotpot, with a signal power level of -45dBm.

Table 5.1: Drifts Against Temperature.

Temperature Offset voltage
11.3 0.05

12.8 0.2

13.8 0.316

17.7 0.6

The variation of offset with temperature is approximately 0.1 volt (0.05 mignoaisdegree change.

5.3.2 Cart Control

The embedded Linux software for the wireless link was straightforwardndigure and started auto-
matically when the embedded micro booted. Telnet and FTP all worked astedp# the RF link was
lost for a time it recovered automatically when restored.

5.3.3 Pipe attenuation

The pipe D = 0.37m) can be considered as a circular waveguide and the cut off wgtleteand
frequencies for various modes are shown in Table 5.2.

In fact the Tk, mode is easy to generate with a simple 1/4 stub aerial at the end of the pipe and a
similar aerial on the cart. For the §Emode, minimum attenuation occurs when wavelength is 0.58 of
critical wavelength. At 900 MHz (0.68 critical wavelength) the attenuation<i@t 3 dB/m for copper
waveguide.

A diagram of the aerial arrangement is shown in Figure 5.5.
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Table 5.2: Cutoff wavelength and frequencies in a circulaveguide of diametdd = 0.37 m.

Mode | Wavelength| Frequency!
TM1, | 1.71D 472 MHz
TEo: | 1.31D 617 MHz
TMoy | 0.82D 986 MHz

o
I

:]|¥:| 2.4GHz aerial
|
I

|
|

i:li 900MHz aeria
|
|

"Ecosorb’

—

Figure 5.5: Arrangement of aerials on both end plate ane jitthched to cart.

The match of the aerials was checked on a network analyzer. Retura &omesehown in Table 5.3. Note
that return loss is a measure of the efficiency of the aerial — the lower thmress the better the
efficiency.

The attenuation at 900MHz varied between 0.4 dB and 8 dB in a regularrpatiehe cart was moved
along the total length of the pipe indicating that there was a standing wavenpitast there is no
measurable attenuation over the 7 m of the pipe. The receiver’'s dynamgie veould easily cope with
this variation but a better designed and matched aerial would reduce tdngtarave.

At 2.4 GHz there was a pattern of reflections (attenuation varied betweRafal27 dB) and Ecosorb
was used at both the pipe end and on the cart to reduce reflections. afiiagon in loss was then
only 2 dB and the overall loss over 7m of pipe was 4 dB. These tests waered out at one fixed
frequency but the standard 802.11b system uses direct spred@dispsequence (DSSS) which spreads
the transmission signal over a broad band of frequencies and willegdaeffect of any signal nulls.

Table 5.3: Return losses for two aerials.

Frequency| Loss

900MHz | -10dB

2.4GHz | -33dB (right angle to plate
2.4GHz | -22dB (parallel to plate)
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5.4 Discussion

The tests on COAST have established that the servo control of the catsiregecan be closed using
a UHF transmitter and receiver at around 900 MHz and maintain the negéssalwidth. The devices
used in this experiment do introduce some noise into the loop which alters the shtne “wings” in
the power spectrum of the fringes. However, this does not significafidgtahe signal-to-noise ratio
of the fringe measurement. It should be noted that these are cheapsdanatt®etter devices/systems
may be available.

Stability does not seem to be a problem as the reduction in servo range thkdass% and any DC
drifts, which alter the catseye position, are much less than the expectetiovainapath length from
night to night.

As a fallback option, we also considered closing the servo loop with a digital the problem with
most commercial systems is the latency involved in sending packets. We did @hipeon device
CC2400 (a 2.4GHz digital transceiver IC) and a pair of demonstratiordbogere purchased (each
containing a CC2400, a programmable microprocessor and sample cdag)wEre programmed so
that four data bytes and a two byte cyclic redundancy check could bewenrthe link as a data packet
at 1IMHz. The latency was found to be 180~hich coupled with the metrology calculation on COAST
of 22us would not be satisfactory on COAST without considerable reduction ilotegain. However,
the MRO delay line cart will not be required to modulate the OPD (this will be dasewhere) so
a lower bandwidth would be acceptable. We are continuing to investigate tngiag devices in an
unbuffered mode where latency would only bei24or a 16-bit data byte.

The attenuation measurements show that at 900 MHz the loss is low as préyietadeguide formula
(the 0.4 dB attenuation is probably due to poor aerials) The variation in attenwezould be reduced
with better matched aerials.

With the rapid advance of WiFi there will be no problem with commercial devisgyy Ethernet/TCPIP
to communicate. The free space range for these devices is in the ran§6 wf @or a 1 Mbit data
rate) and the dynamic range is 100dBs. It is not realistic to extrapolate tBBex#tehuation measured
over 7m to 200 m as this figure includes aerial losses and lack of forgand In any case there are
many modes of propagation in a pipe of this size at 2.4 GHz. There haveshe#ias carried out to
demonstrate the feasibility of using heating and ventilation ducting in buildingsotdbast 2.4 GHz
for WiFi and these systems use multiple transmitting and receiving aerials. hisl Wwe a fall back
option if single high gain aerials were insufficient.
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Chapter 6

[002-05] Power Transmission

Principal risks:

That it may prove difficult to deliver power to the delay line trolley over itseetgd 656 foot travel for
two reasons:

1. The power delivered may not be stable, leading to unreliable operation

2. That losses in the power transmission mechanism may lead to failure tameeerall power
budget.

6.1 Aim
To demonstrate that adequate power can be transferred inductivelyriwothieg trolley from an insu-

lated induction wire via a slim transformer which will fit under the trolley andseaminimum mechan-
ical drag and wear with no risk of snagging.

6.2 Method

A simple trial system following the diagram in Fig. 6.1 was constructed to fit anafrthe existing
COAST PC trolleys as shown in Fig. 6.2.

Voltage changing transformer \ “Rough” (<36V) DC “Good” (24V) DC
Toraidal cores 1 Q “ I Dmg load
Insulated induction wire T COAST trolley power
Regulator
(surge protection)
AC Brass tube
12v ¥
25KHz
@ COAST trolley il
25036 sgiz Inverter & A7 7
(commercially available) Aluminium Ground Plane
25m

Figure 6.1: Schematic of trial inductive power system forASD trolley.
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Figure 6.2: Photograph of COAST trolley with inductive pnsfer pick-up fitted.

The induction wire is the orange wire visible above the nearest rail in thergictti normally rests
on the aluminium substrate beneath, but a short length is raised a small éibtatie passage of the
trolley mounted pick-up transformer, which consists of a series of 2@idd¢aroids mounted on a thin
brass tube. The tube supports the cores, guides the wire and alse aethe single secondary turn of
the transformer.

Above the mounting plate can be seen the toroidal voltage changing tnawesfand rectifier diodes,
and the (linear) output voltage regulator.

The performance of this system was tested electrically and mechanicalljoagsto

6.3 Tests

6.3.1 Mechanical

The drag effect of the system on the trolley was assessed in two wayly, by attempting to measure
the actual drag by towing the trolley with a spring balance. The extra dragamaost impossible

to measure as it was less than the variation in drag without it (without the indusitik-up a force of

1.00+0.05N is required to overcome rolling resistance, with the pick-up fitté@-£0.05N is needed).

Secondly the trolley was used in the normal way to follow moving fringes arathange in performance
was detectable.

6.3.2 Electrical

The electrical performance of the system was also tested in two ways. [Eivstigny loads were con-
nected to the output until ripple and voltage dropA0®.1V) became apparent which occurred at a load
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of 17 W, independently of the trolley position along the rails. This is more thailC®AST trolleys
need (they require- 2.5W when stationary or tracking, ard5W when slewing). Secondly the system
was used to supply the trolley while it was tracking at about 1.4mm/s, and mgeha performance
was detectable in the COAST metrology data (Figure 6.3).

We anticipate that the MROI trolleys will each need W, except for slewing which will require at least
15W. Hence the 17 W achieved with the trial inductive system will be suffi¢@rthe MROI trolleys,
except possibly for slewing. As explained in Section 6.5, it would be stifaigiard to modify the trial
system to deliver 24 W.

6.4 Limitations

These trials used a very simple inverter (a standard electronic low-voltdgmgdransformer) to drive
the induction wire, with no attempt to vary its output according to the load or rer®@ Hz ripple,
Only a linear regulator (from a modified mains power module) was used onutipeitp so marked
improvements in efficiency and power output should easily be obtainable.

The trials were carried out with the induction wire lying or‘%anch thick aluminium substrate to
simulate the bottom of the proposed vacuum pipe. If the wire lay instead omiogngtic) stainless
steel top of the COAST PC table its impedance was far too high and lossy tottarseful amounts of
power.

6.5 Extrapolation

The test track at COAST is only 24 m long, whereas the track at MROI wilGgem long. The major

limiting factor to the power transfer is the impedance of the induction wire whichoeitver 8 times as
high, but this can easily be overcome by using a higher voltage system.idllsystem uses a nominal
12V and increasing this to the still safe value of 36 V would allow for an impegl&times higher.

This would only involve using a pick-up transformer 3 times as long as the tialbad changing the
other tranformer ratios. The suggested changes would have no sysdrmgact.

The inverter used produces nominal 12 V r.m.s. running on unsmoothéaees0 Hz. If a DC powered
inverter was used the power output would be increased by 40%, britiggri7 W achieved in the trials
up to 24 W.

As these tests were carried out using a 1/2” thick aluminium substrate to simulatip¢heottom, and
as the magnetic field due to the induction wire is contained in a very small volumd rioas a result, it
was decided that there was no point in going on with the other proposeaf tettially delivering 24 W
to a trolley in our rather short test pipe run.

6.6 Conclusions

We have demonstrated that adequate power for the MROI PC trolleys cafddg and reliably trans-
mitted by means of a non-contacting inductive transfer system which caasgfittle friction (and
hence little wear), and is not susceptible to looping or snagging of trailingsalhis presupposes a
high conductivity non-magnetic vacuum pipe (e.g. aluminium) unless a stégtaa laid in the pipe.
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/home/pjw/coast/data/trolley/500—24 tr1 Trolley 1 vs time(sec)
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Figure 6.3: Metrology data time series and power spectra fiee COAST trolley powered normally
(top) and inductively (bottom) while it was tracking at ab&@uwmm/s. The use of inductive power does

not appear to affect the trolley behaviour.
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6.7 Comments

These comments relate to some features of the scheme which may not be elthous explanation.

6.7.1 Pick-up transformer

For a given frequency and ferrite a certain cross-sectional arearefis needed to run at a particular
voltage. This would make high frequencies seem desirable, but the indlweitie reactance is also

proportional to frequency, so really high frequencies are not suitalihe trials we have carried out

have been at about 25 KHz which seems to be a sensible compromise.

In order not to have to lift a long length of wire — it has to be tight, see belownut not be lifted very
far, and to fit the transformer below the trolley means that the transformesbould be thin in section,
consequently it has to be long to achieve the necessary area.

The transformer has only a single turn primary — the induction wire — so it isrdashave only a single
turn secondary and correct the voltage in another transformer tharvécah@ultiple turn secondary.
This means that the core support tube can double as the secondang lalhthe centre clear for the
easy passage of the induction wire.

6.7.2 Wire tension

To avoid any possibility of the induction wire forming loops or kinks, due eitbéhermal effects or the
passage of the trolley it needs to be under a steady maintained tensione&tssta be enough to slide
thewhole lengthof the wire along the bottom of the pipe, but not too high or the catenarissipported
lengths of wire) either side of the transformer will be longer than needraknere friction will arise
because of the unnecessary weight being carried.

The friction coefficient of the wire and the pipe can be made sensibly smediajul choice of the wire
covering, so the tension should not need to be more %hafrthe weight of the wire.

The tension should be maintained by a spring or similar device, so that it idfeoteal by thermal
expansion etc.

6.7.3 Slewing power

Depending on the rolling resistance of the trolley it may be desirable to makepowes available for
slewing than for tracking. This could be done without increasing the conigating of the supply
system by using an on board energy store.

At present the best solution would appear to be ‘super-capacitdr&rrghan batteries: batteries are
good for long term storage and moderate power outputs, but may relessesghave a limited life, and
may lose capacity through “memory effect”. Super-capacitors are gwahbrt bursts of high power,
are probably less likely to leak gas, and are reputed to have an indefinitddifeever, super-capacitors
are likely to be heavier and more expensive than batteries in this applicatianreldtive merits of
the two approaches are still being investigated, and will be considered andetail when the slewing
power requirement has been refined.
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Chapter 7

[002-06] Trolley Steering

Principal risks:

That it may be difficult to design a suitable steering mechanism for the delayrditey to counteract
the tendency of the trolley to rotate about its optical axis — hereafter we gfiaflto this as “clocking”.

That control of the delay line trolley steering may interact unfavorably wathtiol of the longitudinal
motion of the trolley.

7.1 Aim

e To determine what factors produce or affect the rotation of the trolleytahe pipe axis and the
sensitivity of the trolley to such influences at various speeds.

e To determine if steering would be necessary at all.
e To investigate the properties of candidate steering options.

7.2 Definitions and useful constants

Clocking: the angular motion of the trolley about the pipe axis
Average clocking rate: the observed clocking angle divided by the distaver which it occurs.
CofG: Centre of Gravity

The inner diameter of the pipe is 381mm, so 1mm at circumferenc@%srbilliradians i.e. 0.3mm.

7.3 Method

The test trolley was placed in the pipe and pulled through the pipe using a. stfimg string was
attached to a point close to level with the centre of gravity of the trolley so as ionm@any applied
couple which could affect the clocking of the trolley. Because it was diffto get the trolley to clock
significantly, tests were repeated by pulling the trolley back and forwaoddffirthe pipe multiple times,
while carefully checking that reversing the direction of the trolley’s motionrditicause the clocking
to “unwind”.
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Tests were repeated with different weights attached to the trolley to moveritre of gravity (CofG)
either upwards or sideways, in order to simulate a trolley whose CofG wsardlmthe axis of the pipe
and/or a trolley which was unbalanced laterally with respect to the centre oftibels.

7.4 Results

7.4.1 General observations

The test trolley was stable to clocking in the pipe at all velocities including someess of 1m/s. This
is due in part to the centre of gravity of the cart being lower than the pipe Arisexternal force which

causes the trolley to begin to clock is eventually countered by an opposingetabout the pipe axis
and the trolley will continue at a constant angle.

7.4.2 Repeatability in clocking

This test addresses how repeatable the trolley clocking angle is wheepaatedly backwards and
forwards the full length of the pipe at different velocities. Eighteen test®warried out, six at each
estimated velocity of 50mm/s, 200mm/s and up to 1m/s. The trolley was pulled througipehéor
the full length from each end and the angular deviation from a fiducial matke pipe checked. In all
cases the angular deviation was less than 1mm, that is, within 0.3

7.4.3 Response to a clocking offset

The trolley was not unbalanced about its long axis but was given an irotaion from the horizontal
position and then pulled through the pipe to see how quickly it returned to timohtal position.

It was found that an offset in rotation of 15mm (4.5deg) from the stabdé@ipo was restored to within
1mm within a single traverse of 5.5m, and remained stable thereafter. This imphesmage clocking
rate of 0.836/m. The trolley weight was approximately 20kg and the CofG was estimated tone 83
below the axis of the pipe and so this can be seen as the response of tlyetdrall@storing couple of
1.35Nm.

7.4.4 Response to a weight imbalance

A mass of 0.96kg was attached to the trolley at 125mm radius from its long akis@mm above
trolley CoG. The cart was pulled through the pipe to see how quickly and ulliyrader far it deviated.
The rotational offset produced was 13 mm (3.i@ 3m of travel, i.e. an average clocking rate of°113,
and thereafter the offset remained stable.

7.4.5 Response to a driving force imbalance

The trolley was balanced about its long axis but was pulled from one side tdhe wheel to simulate
being driven by one wheel. The offset achieved was small but redgeatad reversible (by switching
string to other wheel location). The measured clocking was 1mm)(Ih%.5m of travel. The offset is

only measured at the end of travel and so was assumed to occur atantoate over the travel, leading
to an inferred clocking rate of 0.05%n.
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7.4.6 Response to a misaligned wheel

One wheel was misaligned by introducing a 0.3mm shim between the two wasaease used to help
space the wheel from the side flange to which it is attached. This cants #w b approximately
0.3mm/10mm or 1.8 The wheel was at the front LHS, facing the cart, was canted such gratiuced
'toe-out’ orientation.

When the trolley was pulled through the pipe, this induced 13 mm (3.9deg)istpoker a 3m run, after
which the clocking stabilised. The trolley was then pulled back through the g@psing the trolley to
clock the opposite way, passing through the nominal zero of clocking amglestabilising at -3.9deg
after 3m of travel. It seems likely that this limiting angle is largely independetheteering angle
(misalignment) of the wheel because the same limit was reached when thewasealigned but the
trolley is out of balance. The average clocking rate in this case was®.g6e. significantly faster
than most other clocking deviations measured, indicating that steering ae lyha maximum of 18
would be effective at counteracting any other forces causing the titollelpck.

In a second test, a significantly greater wheel misalignment was introditgihg trolley vibration
testing with the motor driven cart a wheel misalignment of 4fér greater than any angle that would
be required for steering) was introduced using the same method as befavéh a thicker shim. No
evidence was found of any increase in vibration levels or other adediesets. The test results are
reported in section 8.10.

7.4.7 Tests with heavier trolley and higher CofG

Additional mass was added to the trolley to raise the centre of gravity closee foifile axis, about
15mm-17mm below the axis as opposed to 83mm in the previous tests. The Or@Gkanced load at
125mm radius from the trolley axis was also added. With the heavier trolladistdirbances took much
longer distances to reach their full effect, and so the trolley was runghrthe pipe multiple times to
give enough distance over which to see all of the behaviour. It wasifthat the trolley had an initial
clocking rate of 1.64/m for the first 16.5m of travel, after which the clocking rate decreasethtaally
becoming negligible after 50m of travel, when the total clocking angle was 36

7.5 Discussion

In all the tests, the clocking rate of the trolley was typically at rates of less Zam. The most
stringent requirement on trolley clocking is that the wheels run over thejpipeavithin about+1cm
of the nominal wheel track, i.e. with an accuracy of abh68t. With the trolley moving at a maximum
speed 1 m/s, this means that, very roughly speaking, the trolley may needgteerections which are
updated once every 1.5 seconds.

When the CofG of the trolley was low, the trolley was essentially self-cormgclinmay be desirable
to raise the trolley CofG in order to provide an aligned reaction mass for teey&avoice-coil, so that
applying forces to the voice-coil does not induce a “rocking” motion ofttbkey. In this case a servo
correction scheme is likely to be needed. The closer to the pipe axis the Caf@ wolley was, the
more the equilibrium position of the trolley was influenced by external fobcgesherate of clocking
was not significantly changed, implying similar servo update rates would duate for most trolley
configurations.

It was shown that an off-axis weight or steering one wheel can ke togerovide the correction force,
without compromising the OPD performance. Steering offsets of ordeoiome degrees are sufficient
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to overcome any perturbations encountered, so linear behaviour casbed in any form of control
or compensation.

Providing the CofG is below the centre of the pipe, a faulty trolley can be pble#l through the pipe
without fear of it rotating more than a certain amount. This is a highly desiraliétysfeature for the
trolley and for the inductive power cable that runs underneath it.
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[002-07] OPD Disturbance Tests

Principal risks:

That the OPD disturbance spectrum expected for the proposed delayoliwemt will be considerably
larger than that expected (and managed) by a trolley running on precisiits, for example the COAST
delay lines.

8.1 Aim

There are four specific aims:

1. To measure the actual disturbance rejection of the COAST trolleys in thetidin of the OPD
and compare this with the predicted rejection based on a MATLAB and Simulinkehsodas to
validate our modelling capability.

2. To compare the vibrational noise spectrum on the COAST trolley whichpreeision rails and
hard wheels and compare that with the spectrum obtained from the MROWB&itmbley running
on compliant wheels inside a standard pipe.

3. To estimate the expected OPD noise spectrum for the MROI trolleys, pagating the measured
disturbance spectrum through a dynamical model of the MROI delay lines.

4. To measure the effect of a gap between pipes on the OPD noise spectdudetermine the
maximum allowed gap that still permits sucessful metrology measurements.

8.2 Overall Method

The COAST-related parts of Aims 1 and 2 were realised by measuremecteal&eation disturbances
of a COAST trolley whilst tracking at different rates, passing the infornmattwough a suitable model
of the trolley to obtain estimates of OPD displacement and comparing the resutistéonporary data
from the metrology system (which directly measures the OPD displacement,d.podition of the
voice-coil-driven trolley optics). Other ancillary tests were undertakexobdirm trolley and delay line
table characteristics).

Similar acceleration measurements were made on the embryo MROI trolley travgllihg test rig
(described in Chapter 3). These were compared with the COAST measiscimeealise Aim 2, and
passed through a similar model but based on the proposed MROI troligndiesrder to satisfy Aim 3.

53
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Figure 8.1: COAST array layout. The delay line trolleys anenbered 1 to 4 from left to right.

Aim 4 was realised by making acceleration measurements as the embryo troleiettaover a gap
introduced between two pipe sections.

8.3 Modelling of COAST trolley

8.3.1 COAST System

The COAST system is shown in Figure 8.1. The delay line trolleys are shodia@ numbered 1 to
4 from left to right. The tests were conducted on trolley 3, using trolley 2 idesience for reasons
explained in Section 8.4.3. The delay line table is composed of optical bemzhexed end to end on
flexures to accommodate thermal expansion. The laser metrology systemrigethatithe end of the
delay line table and so is common to all four trolleys.

A schematic of the COAST trolley system is shown in Figure 8.2. The roof magsembly (henceforth
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Figure 8.2: Schematic of COAST trolley.

referred to as the reflector) is mounted on flexures attached to the eaanagis driven axially by a
voice coil. The carriage is driven by a DC motor connected directly to tive giheel running on one of
the tracks and a velocity loop is formed using an encoder on the motor shafprihcipal control loop
is through the metrology signal driving the voice coil to maintain the commandsitigpo A position
sensor mounted on the carriage provides differential position betweesflietor and the carriage. This
position signal is used for two purposes: firstly to command the motor velocig $o “off-load” the
deflection of the optics thus maintaining the carriage under the reflector with nhiiéxare deviation;
secondly, the differential position is fed back to the voice coil drive stagehieve an active reduction
of flexure stiffness. This has the effect of increasing the naturaltisolaf the flexures in the OPD
direction but has little or no effect on damping. To achieve closed loop stabilityprovide sufficient
phase margin a phase lead filter is incorporated into the forward path ofojpe lo

8.3.2 The COAST model

The COAST system model is based on the general model developed fdR®&system. It addresses
only axial dynamics, i.e. in the OPD direction, and includes linear featureatt&nown or deducible
from the design or through simple tests. The only non-linearity included in tleehi®the resolution

of the metrology system and a delay representing latency in deriving theloggtsignal.

The COAST model as implemented in Simulink is shown in Figure 8.3. The servanbigh provides
the active rejection comprises:

1. The metrology link (includes the loop delay, quantisation and D/A conv@rsio

2. The phase lead filter (provides gain and frequency/phase contipajsa

3. The voice coil and amplifier (converts voltage to current and henaede)f

4. The carriage and reflector dynamics (models the reflector on a motendrrriage)
The position of the reflector is measured by the metrology system and isediffsd with the com-
manded position to produce the error signal which corrects the reflegsitign. The loop gain pa-

rameters in this servo loop were provided from the design but also vebifiéelst, as was the resonant
frequency and damping of the reflector assembly.
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Figure 8.3: Top-level simulink model of COAST trolley.

The model provides for various disturbance inputs but the principal unement to be made for these
rejection tests is acceleration of the carriage and therefore this inputcsicaléy provided. The com-
bined position of carriage and reflector is output for the OPD together wihubd acceleration of the
reflector. The differential position between the carriage and the refisgiassed to the motor controller
which commands the velocity of the carriage in order to minimise the differertds.“dff-loading” of
the reflector motion to the carriage is done to keep the carriage positionedthedeflector with near
zero deflection of the flexures.

A summary of the important parameters and characteristics of this model isigiVi@ble 8.1. These

are typical values for such a system but the most important parameter i®ghgdim which determines

the disturbance rejection and the bandwidth characteristics. The fopa#ndDC gain is increased as
much as is feasible, without compromising stability, so as to provide as high @édoeas possible.

8.3.3 Model behaviour

The disturbance rejection characteristics predicted by the COAST modeth&rgvith some informa-
tive loop transfer functions are shown in Figure 8.4. The reflector nméchlaransfer function, which
is determined by the reflector mass and the spring constant of the fleisisdgwn peaking at the
“reflector natural frequency” of 2 Hz. The effect of the feedbbp employed to reduce the apparent
stiffness of the flexure is shown in the transfer function marked “refieemuced frequency”. This
transfer function is effectively raised by the low frequency loop gaingcome the “Open loop TF”
marked. The intersection of the Open loop transfer function with the zeraxiBis called the gain
cross-over frequency and determines the zone where the closeddosfetrfunction starts to decrease,
defining the bandwidth of the servo.
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Table 8.1: Parameters of Simulink trolley models. Valueshkfoth the COAST model (described in
Section 8.3.2) and the MROI model from which it was adaptext{i&n 8.6) are given.

Trolley/Servo Parameter COAST Value | MROI Value | Units
Forward Path dc Gain 92 117 dB
Reflector assembly mass 1 30 kg
Carriage Mass 19 50 kg
Flexure stiffness 158 1185 N/m
Damping 1 1 %
Reflector natural frequency 2.2 1 Hz
Reflector reduced natural frequency.7 0.6 Hz
Gain cross over frequency 90 97 Hz
3dB Bandwidth 163 177 Hz
Low frequency loop gainG,) 67 68 dB

There are two disturbance transfer functions or “sensitivity functioalsb plotted in Figure 8.4, that
are useful to assess:

e The OPD sensitivity function determines the rejection of disturbances to path length between
the reflector and the laser metrology mount, irrespective of the sourcess thanges.

e Thereflector acceleration sensitivity functionis a measure of the rejection of the reflector as-
sembly to disturbances of the carriage which supports it. This is meaningdalube it can be
used to predict the OPD performance due to carriage motion from adambenzeasurements of
the carriage itself.

The value of the OPD sensitivity function is approximately the inverse of thedain, i.e. ¥G., up to
the reflector resonance and then increases to around 0 dB at thea@gsowar frequency.

Although influenced by the carriage servo, the rejection described beflleetor acceleration sensitiv-
ity function is composed of the natural isolation of the flexures and the clospdmetrology servo. It

is essentially flat, at the level of OPD rejection, but continues up to the clospdbandwidth of the
system, peaks, and then becomes asymptotic to the “mass-spring line” dafittedreflector parame-
ters. The rejection is thus approximatelyG, up to the system bandwidth and then falls off to 20 dB
per decade.

The rejection performance of the system to given OPD direction acceleditiirbances at the trolley
is calculated by multiplying the power spectral density (PSD) of the carrieggdexation by the square
of the acceleration sensitivity function. This function is obtained in stateesfom from the model by
using thedlinmodfunction in MATLAB. The resulting PSD is then processed for comparisibin laser
metrology results.

8.4 Acceleration and Metrology Measurements

8.4.1 Data recording

The equipment used for the acceleration measurements included threéei@&epistive silicon ac-
celerometers and two Bruel & Kjaer miniature modal analysis internally amplifebmaccelerometers.
A two-channel Siglab unit connected to a portable PC running MATLAB eowfigured for spectral
analysis mode provided data acquisition facilities and real-time spectral enalys
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Figure 8.4: COAST trolley transfer functions predicted m&@ink model. See text for details.

The accelerometers were usually sampled at 2560 Hz for 3.2 secovidg, @ifrequency resolution of
0.3125Hz. Delay line metrology data were recorded, at a sample rate @Hz0or 2 seconds, using a
facility built into the control software for the COAST delay lines.

8.4.2 Delay line table

To identify any signals in the trolley tests which are due to delay line table axiatsmdocal vibration
sources accelerometers were mounted on the table in pairs, in turn, in twetbféle orthogonal axes
and near the area of the trolleys under test. A set of background vibrasts and impulse tests
provided the information to be used in assessment of OPD tests.

8.4.3 Arrangement for main OPD test

The laser metrology system is mounted at the end of the delay line table whickugigorts the four
trolleys and is mounted on flexures to accommodate thermal expansion. Atdquehcies the axial
vibration of the system will be common on all components, including the metrolggrs which will
cause the cats-eye servo to follow. Consequently vibration will be evinlericcelerometer signals
which will not appear in the metrology results.

To remove a substantial amount of this common mode acceleration either thestpvefficy data (ev-
erything below 10 Hz, including the first axial mode of the table) could be singplgred or another
reference could be used which effectively allows subtraction of the togirdaser motion. The lat-
ter method was chosen and the reference used is the acceleration ofsteyeaf another trolley,
commanded to be stationary, which is also servoed using the metrology ldgerm&thod also has
limitations:
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1. Higher frequencies may or may not be common to both delay lines.

2. OPD fluctuations due to the atmosphere will not appear on the test eaataglerometer data
but may appear on the reference trolley reflector accelerometer as tldagegisystem attempts
to servo them out.

3. OPD fluctuations due to the atmosphere which are above the servoiddndiil appear on the
metrology data but not accelerometer data.

As outlined in Section 8.2, the objective of the test is to compare the perforniagicated by the
metrology data with the performance obtained from the output of the trolley Itafing into account
the limitations above. The input to the trolley model is the differential accelerafitime test trolley
with respect to the reference trolley.

Of the four available trolleys, Trolley 2 (T2) was used as the referenddeolley 3 (T3) was the trolley
under test. For the OPD tests a small piezo accelerometer was fitted to thtoredfgics of T2 with
its measurement axis aligned in the OPD direction. A second accelerometiitesh®o the rigid base
of the optics mount, attached to the carriage of T3, with its axis also aligned inRie drection.
Velocity tests were conducted by carrying out a virtual observatiorpikgeTrolley 2 on station while
Trolley 3 tracked. Two tracking velocities were tested: 0.1 mm/second and 1.4egon&swhich was
the maximum available.

8.4.4 Data processing

Time series accelerometer data were usually saved, but auto-spectaumetia exported for some of
the tests, where spectra were averaged for three or five 3.2 see@onesfr The time series data were
processed to produce acceleration power spectral densities. Tagfeund to be some scatter in con-
secutive measurements, suggesting small changes in conditions on times&élesconds. Wherever
possible the results taken in auto-spectrum mode were used, as beingpresentative of the average
conditions.

For each test the reference trolley PSD was subtracted from the tesy ®&8[@. The difference PSD
was then multiplied by the magnitude squared of the acceleration sensitivitydiuebtained from the
model and the resulting output PSD processed to produce the displacgaettum of the reflector.

Contemporary laser metrology data was processed to produce the disptacpectrum of the metrol-
ogy error.

The data extracted using these processes were used to compare tbiecexpgction performance
derived from the model with the actual performance provided from theg fagtrology system (Aim/1)
and are presented in Section 8.5.2.

8.5 COAST Results

8.5.1 Delay line table

Background tests show a mostly uniform acceleration power spectrungrofirat 20 dB per decade
initially, to 10Hz and then at 10 dB/decade. There is only one feature, ldz AGorresponding to a
lateral mode of the table.

Impulse tests show that the first axial mode of the table is 9.1 Hz with damping ofNi#ie other
modes (including the 41 Hz lateral mode) were identified, with frequenciegeba 17 and 120 Hz.
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Table 8.2: Comparison of metrology data and COAST modelwdutp\n asterisk indicates that the
acceleration measurement used as input to the model is ¢énagevof three PSDs in Siglabs averaging
mode (see text in Section 8.4.4). For the reasons explaméuki text, the model output should be
compared to the metrology results in thet0 Hz band.

Test Velocity | Output model Metrology results
displacement| T3 <40Hz | T3 Full BW
(mm/s) (hm RMS) | (nm RMS) | (nm RMS)

LBtest84* 0.1 0.7 0.5 5.6
LBtest85* 1.4 4.5 3.6 8
LBtest92 | Standstill 0.6 0.2 6

Most of these modes are visible in the accelerometer data and the metrolodptidteir contribution
in the OPD direction is generally less than 1nm RMS. Hence table modes dgnidicantly pollute
the measurements of vibrations of the COAST trolley travelling on its tracksaffemt the comparison
of measured and model-predicted OPD rejection.

8.5.2 COAST trolley results

Tests were undertaken at standstill, 0.1 mm/s and 1.4mm/s. The results argqateseTable 8.2,

which shows the output of the model (the computed RMS displacement of ftketoe), given the

measured (differential) input accelerations. Also shown are the contamgmus metrology results for
each trolley but separated into two bands; the displacement for freigsamgz to 40 Hz and the full
bandwidth displacement (up to 2.5 kHz).

Subtraction of the reference trolley reflector acceleration PSD removesion mode OPD error from
the test trolley acceleration PSD leaving an estimate of the error due to the mottumtodlley. This
is why the comparison is made up to 40 Hz, because after that the common modsi©@P@bminates
any accelerations of the test trolley.

There is good agreement between ¢hé0 Hz model output and the metrology data, given the problems
inherent in subtracting the motion of the reference trolley.

8.5.3 Conclusions

Because the metrology error is due to a number of sources and the nestdtibisb some form of
inertial reference it is not possible to measure all the contributory fadtastly. However the method
described addresses the substance of the issue which is the motion ofAlS¥ €&rt and the inherent
rejection in the OPD direction due to the flexures and the closed loop laseloggtservo.

The COAST model developed adequately predicts the performance ofothey tin this respect, to
within 1 nm for averaged power spectra. This validates our adoption iafilas model for the MROI
trolley and its use in predicting performance from accelerometer measuseofe¢he embryo trolley
running on compliant wheels inside the delay line pipe.
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Figure 8.5: MROI trolley axial simulation.

8.6 Modelling of proposed MROI trolley

8.6.1 The MROI Model

The MROI model (Figure 8.5) is similar to the COAST model presented earlieQ@AST model was

actually developed from this model). The features are essentially the sdrntelparameters for the
wheels, drive system, mass of carriage and cat’s eye are significafiésedif — see Table 8.1. Again,
this is a linear model except for quantisation and a nominal 50 ms metrologylagency. A two-stage

lead network was required to obtain sufficient gain and phase margintzdnicevidth of 177 Hz (similar

to that of COAST).

The loop gain was chosen to be similar to that of the COAST trolley system. Tulted in a gain
margin of 14 dB and a phase margin of57

The mechanical resonance of the cats-eye is expected to be aroundntitiz reduced to 0.6 Hz by
feedback as described for COAST.

8.6.2 Model behaviour

Transfer functions predicted by this model are shown in Figure 8.6.€Taiesthe equivalents of those
derived from the COAST model plotted in Figure 8.4.

However, there is a significant difference in the cats-eye accelerajection transfer function because
the carriage-cats-eye differential position loop is closed in this model. €fiexcts a difference in the
experimental setups (the COAST measurements were made on a carriagadieigly servoed), rather
than a difference between the servo system implemented at COAST andapased for MROI. In the
setup for the MROI tests, unlike the COAST tests, there is no control of thiaga velocity because
there is no cats-eye to feedback position information. Hence the measigeldration disturbance
spectra are not exactly equivalent, so the models must take this into acoaygrterate comparable
outputs.
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Figure 8.6: Prospective MROI trolley transfer functions.

The trolley acceleration sensitivity function is between -70 dB and -80 @B twe range 0.1 Hz to 300
Hz, some 5dB better than COAST because the velocity control loop is gffedthe OPD sensitivity
function is much the same as COAST, providing 50 dB of rejection at 2 Hz.

8.7 Tests of Embryo Trolley in Test Rig

8.7.1 Testarrangement

The embryo trolley used for tests in the pipe test rig is a piece of aluminium asgflers approximately
1.7 metres long with sides of 150 mm and a thickness of 12.5mm. A steel platfqroxapately
330 mm wide and 500 mm long is mounted on top of the angle, half way down its Jengthhis holds
motor drive electronics and counter weights as required. Provision is tnadeve the centre of mass
up and down by adding weight to two rods which are secured to the trolkytihe front and rear. The
trolley runs on 75 mm diameter wheels mounted to the flanges of the angle stdthethangitudinal
wheel base is 1.5 m. To drive the trolley a brushless motor is mounted so tHadfitésssprung-loaded
onto one of the wheels providing a friction drive with a gear ratio of apipnakely 12:1. Most of these
features can be seen in the photograph (Figure 8.7).

The data recording equipment and procedure were the same as discBeetion 8.4.1 for the COAST
tests. The accelerometers were generally mounted at one end of the trolegxially at the apex of
the angle and one either vertically or at45 vertical on one of the flanges.

8.7.2 Vibration modes of embryo trolley

A basic finite element analysis (FEA) of the embryo trolley was carried outedigt the significant
modes, especially those due to the compliant wheels. The results for thfevinstodes are shown in
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Figure 8.7: Photograph of embryo trolley in pipe test rig.

Mode No. | Freq. (Hz)| Description of mode Actual Freq. (Hz)

1 20 Lateral rocking about longitudinaK( axis 17
2 23 Vertical displacementy() 21
3 33 Rocking (abouz) combined with axial displacemenxX) 31
5 33 Rotation abou¥ -

6 37 Rocking abouZ 31
7 107 1st twisting mode of chassis 110
8 156 2nd twisting mode of chassis 130
9 204 1st vertical bending mode (longitudinal) 168
14 440 2nd vertical bending (longitudinal) 415

Table 8.3: Embryo trolley predicted and actual vibratiordes

Table 8.3 below. Coordinates apéis longitudinal (axial)Y is vertical;Z is orthogonal toX andY, i.e.

sideways, and rotations are generally about the centre of gravity (QfdBe trolley.

To validate the FEA results, a set of simple impulse tests were carried out irxitdeaad vertical
directions with the accelerometers monitoring the response in those direcdangxample of the
trolley response to a vertical impulse is shown in Figure 8.8.

The impulse tests were performed with the trolley loaded with some equipmentgamtraed for in
the FEA, and also without the motor fitted. The measured frequencies ofthitifield modes are shown
Table 8.3, for comparison with the FEA results.

The FEA predicts the important modes sufficiently well and so can be used\me the basis for a
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Ibtest66 — Trolley vertical impulse
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Figure 8.8: Response of trolley to a vertical impulse at amk e
more comprehensive dynamic model of the embryo trolley.

8.7.3 Isolation tests

There is considerable benefit gained from the soft wheel approattte ireduction of rolling distur-
bances, i.e. vibration introduced through the wheels from roughnabeg dfack, as the velocity tests
will show. There is also some benefit from isolation of external distudmabove a few tens of Hz in
exchange for resonances due to the low-frequency rigid body mdtiesis demonstrated in the verti-
cal direction by measuring the vibration of the pipe under the trolley and comgpi&ito the vibration
of the trolley.

Two measurements of the isolation were conducted, one showing the ssippref background levels
and one showing the response to a vertical impulse to the pipe. The latieigebown in Figure 8.9. In
the bottom trace the pipe resonances are clear, clustered around BBHzZ, 220 Hz and 630 Hz. The
resonant response of the trolley at 21 Hz and 31 Hz is clear but withressgipn of the pipe frequencies
by at least 15dB at 50Hz, 30dB at 125Hz and 50dB at 220Hz. Thergklevel of rejection from
70 Hz upwards is 20dB. This effective shift of power to the lower fegpies together with the higher
damping available may be beneficial in reducing excitation of higher modeg afdtey which may
couple into the OPD direction. Damping of the pipe frequencies around $atwut 1% and at 220Hz
is 0.3% whereas damping of the trolley vibrations at 21 Hz and 31 Hz is estimaliedd® (using the
half-power bandwidths).

The mass of the embryo trolley used for all tests is between one quartenantial of the expected
mass of the MROI trolley so one could expect rigid body modes of the petigedMROI trolley to be
lower in frequency and the higher mass to reject more of the high fregulistarbance. This is evident
in the velocity tests which were undertaken with higher loads on the trolley.
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Ibtest55 — Trolley isolation test in test rig — vertical impulse to pipe 2
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Figure 8.9: Vertical response of trolley to a vertical imgmuto the pipe.

8.7.4 Measurement of disturbance spectra

The principal measurement made with the embryo trolley and test rig was to qiotaer spectra of
the axial and vertical acceleration of the trolley at different velocitieges€hwill be compared directly
with the equivalent measurements of the COAST trolley (Aim 2) and also poatighra model of the
proposed MROI trolley to assess the residual disturbance spectrun3)Aim

Some initial velocity tests were carried out by simply pulling the trolley along usieggth of string.
This was particularly useful for higher velocity tests where care had take that the trolley would
not overshoot the pipe. Tests with the motor drive varied from 1 mm penskeo 550 mm per second
though most were kept below 100 mm/s for practical reasons (cable feiadamd out and reducing the
influence of cable dragging).

The tests were carried out with two load configurations; with a load 86 kg, and with a further 8 kg
mounted above to give a higher centre of mass (between 15 mm and 20 mmthelaaminal axis)
for the steering tests described in Chapter 7. In the second configyrdigoadditional mass created
additional resonances around 40 Hz and 65 Hz but this did not impingesdrotley results which, as
with the COAST tests are necessarily focussed on the low frequenoy fiaomg 0.1 Hz to 40 Hz.

The analysis of the acceleration data is identical to that for the COAST testpteior the model used.
The results are presented in Section 8.8.

8.7.5 Effect of slewing trolley on pipe vibration

The apparatus was also used to investigate the risk that the moving trolley migbe iladge vibrations
in the flexure-supported pipe when slewing. These results are prdser8ection 3.3.4 in the chapter
on pipe supports.
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Embryo trolley driving S at 1.1mm/s compared to COAST trolley at 1.4mm/s
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Figure 8.10: Comparison of COAST and embryo trolley axialederation PSD.

8.8 MROI OPD Results

8.8.1 Comparison with COAST vibration measurements

A comparison of axial vibration of a COAST trolley and the embryo trolley issshin Figure 8.10.

The velocity of the COAST trolley is 1.4 mm/s and the acceleration power spegrdominated by

motor commutation and encoder interpolation error between 10Hz and 20 He.vélocity of the

embryo trolley is 1.1 mm/s and the acceleration power spectrum is generallyla@dBbut with motor

disturbances at frequencies beyond 100 Hz. The peak at 40 Hz te thee mounting of the additional
mass.

This result demonstrates that the softer wheels running on a relativegi surface have significant
isolation due to the greater contact area of the wheel and the ability of thel weheeform easily on a
small scale. Hence the risk that the vibration of the MROI trolley will be largan tthat experienced
with precision rails proves to be unfounded.

8.8.2 Results from MROI model

The result of passing the acceleration measurements for the embryo troteglththe MROI model
are presented in Table 8.4. Note that there is no subtraction of powerapece to remove common
mode vibration so the accelerometer results contain all the low frequency nodtiloa test rig, unlike
the COAST tests.

There is little to choose between results from the light or heavier trolley stiggethat a substantial
amount of acceleration power is at low frequency and correspondbnrations of the whole test rig.
There is also very little correspondence between velocity and RMS OBDadtinough the largest error
does occur at the largest velocity in the table.
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Test| Light | Velocity | Cats-eye Piston
/Heavy | (mm/s) (nm RMS)

42 L 2.2 4.6
41 L 55 4.9
39 L 55 6.3
40 L 11 8.2
51 L 2.2 6.6
54 L 11 4

55 L 22 4.5
67 H 1.1 2.8
69 H 55 5.0
70 H 11 3.6
73 H 22 9.1
74 H 22 5.6
80 H 55 15

Table 8.4: Predicted RMS OPD error as output from MROI model.

Several tests were conducted at 55 mm/s and 110 mm/s and these were cteadybetween 15nm
and 60 nm RMS for 50 mm/s but it is clear that the worse results are due tcsthearece caused by the
compliance in the friction drive system. The results do show that, even witlde @mbryo trolley, the
axial disturbances induced by the interior surface of the pipe are rejgatiéciently by the combination
of soft wheels and a conventional cats-eye servo (with a modest ldthdei approximately 180 Hz)
for the OPD stability requirement to be met comfortably.

8.9 Effect of a gap between pipes

The effect of driving a trolley over a gap between pipe sections wastigeted (Aim 4), to assess the
impact on OPD performance at tracking speeds, and to investigate the ldaifitosing the metrology
signal at slewing velocity.

8.9.1 Effect at tracking velocities

The pipe ends have a small chamfer on them of about 0.25 mm so there ys a@lorae effective gap
of order 0.5 mm. In the tests that were conducted this gap was virtually unaioiécet could not be
detected directly in either vertical or axial acceleration data. The besuneaaas to monitor the power
spectra for increased contribution at 4 Hz in the axial direction, which isebenance of the friction
drive system caused by the compliance of the driven wheel.

To obtain some indication of how much gap could be tolerated before trackoanies unduly affected
and also to determine the maximum size of gap that would still enable a laser metsidogl to
maintain lock the joint between two pipes was deliberately widened. This wasnatished between
the stub pipe and pipe 1 (see Figure|3.1) at the North end of the test rigatndrthe pipes apart,
introducing a shim between the pipes at the bottom, and then clamping the pgketobather. The
results of driving the embryo trolley over gaps of various sizes werelms\is:

¢ With a 0.8 mm shim between the pipes the gap becomes at least 1.2 mm includingriiferci
number of velocity tests were carried out between 2.2 mm/s and 50 mm/s to sedistamgance
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Test| Light/ | Velocity Axial Vertical
Heavy | (mm/s) | V max (m/s)| V max (m/s)

25 L +10 15x10°3 4x107%
26 L -10 2x10°° 3x10%
24 L -22 3x10°° 1x10°3
27 L +22 42x10°3 1x10°3
28 L -55 7x1073 22x10°°
29 L +55 6.8x10° | 25x10°3
30 L -100 5x 1073 4x10°3

Table 8.5: Maximum trolley disturbance velocities ass@davith a 3.7mm gap.

could be detected. There was none detectable in the vertical directiomgrabme evidence of a
4 Hz disturbance in the axial direction. However this level of disturbanatdde seen anywhere
down the pipe (due to aresonance in the servo loop) and so the join wafgraoticular influence.

e With a 1.6 mm shim it was still difficult to discern the join in the accelerometer datspeeds up
to 50 mm/s but it was clearer in the increase in the 4 Hz contribution in the powetrsm over
the level when the trolley does not pass over the join.

e With a 3.2mm shim the join becomes obvious in the axial accelerometer data. A&ed sp

1.1 mm/s the cart can be brought to a halt with the wheel sitting in the gap. At 2.2mm/s it

continues over the gap. Even with this “huge gap” the OPD error is nticplarly large, being
11.8nm RMS at 2.2 mm/s.

8.9.2 Effect at slewing velocity

The velocity in the axial and vertical direction is computed from the integratidgheoaccelerometer
data for tests where the trolley passed over the 3.7mm gap. The maximum aakesated with
the gap event are presented in Table 8.5. The results suggest that tineumagtisturbance velocity
is proportional to cart velocity up to around 50 mm/s for both axial and vérdicactions and then
remains constant, at least for the axial direction. Further tests at higlomity are required to confirm
this. Given that these results are for a large gap and apply to the trolleyo(dd be smaller in the axial
direction when referred to the cats-eye because of the inherent ispiatenot thought that a practical
gap of the order of 1mm to 2mm to allow for alignment of pipes and a small intedge chamfer
would cause the metrology laser system to lose lock.

A higher velocity test{ 300 mm/s) was conducted by hand at the opposite end of the pipe where the

effective gap is approximately 0.5 mm. This produced a vertical velocity maxiof@x 103 m/s and

an axial velocity of only 2« 10~3m/s. This discrepancy occurs is due to a slight change of level in the

pipe at one side.

8.10 Effect of misaligned wheel

One of the trolley wheels was deliberately misaligned and a set of tests ¢eddunder these conditions
to compare with normal conditions. A 0.8 mm shim was introduced between theytsidle and the
wheel securing nut so that the shaft was tilted towards the rear of theytlptlan angle of 0.08 rad
i.e. 46° (larger than any misalignment that would be used to “steer” the trolley — sept&h?).
There was no obvious deleterious effect and tests were conducteZimii?s, 11 mm/s and 50 mm/s.
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Test| Light/ | Velocity | Cats-eye Pistor
Heavy | (mm/s) (nm RMS)
33 L 2.2 5.9
34 L 2.2 3.7
35 L 2.2 2.6
31 L 11 2.3
32 L 11 5.1

Table 8.6: Effect of a misaligned wheel on OPD.

The results for tracking velocities are presented in Table 8.6 and shoglohiygared to the results for
correctly-aligned wheels in Table 8.4. There is no discernable effetteotmolley acceleration data and
no change in the effective OPD performance.

These results show that alignment of compliant wheels is not critical. Thenecameasurable effects
on the vibration of the trolley for a substantial misalignment and furthermoeedétiberate small
misalignment of a single wheel can be contemplated for “steering” the trollalyjghfor introducing
a bias to counteract forces which may tend to rotate the trolley about theppeTais is addressed

further in Chapter 7.
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Chapter 9

[002-08] Metrology

Principal risks:

That there may not exist a cost-effective solution that meets the reqaieorethe frequency stability
and maximum permissible diffraction losses of the metrology laser.

That it may be difficult for the metrology beam to be suitably expanded fipropagation and for
the opto-mechanical stability requirements of the beam expansion systemiet in a cost-effective
manner.

9.1 Aim

To find a cost-effective solution that meets the requirements on the freggeability and maximum
permissible diffraction losses of the metrology laser.

To determine whether the metrology beam can be suitably expanded priap@gation and whether
the opto-mechanical stability requitements of the beam expansion systera oat n a cost-effective
manner.

9.2 Method

This experiment was conducted in the following stages:

1. Diffraction calculations were performed to assess power and frirgj@lity losses in different
diameter metrology beams after propagation through the delay line system.

2. Calculations were performed to assess the tilt and shear stability requgadrantee successful
operation of the metrology system. These were compared these with expecteanance of
potential stages and mounts.

3. The frequency stability criteria needed on timescales from 1-100msdanétrology laser were
calculated. The frequency stability of an in-house Zygo laser head wasetlaluated by beat-
ing the beam against the beam from an iodine-stabilized laser (this workomisicted out to
National Physical Laboratories). The measured frequency stabilitytlvessscompared with the
requirements.
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9.2.1 Laser stability

The metrology system measures distance in terms of the laser wavelengtrjatimn of the MROI
metrology laser frequency will cause corresponding errors in optelaydneasurement. If this mea-
surement is used in a servo loop to control the optical delay, then lasgefrey jitter will transform
into optical pathlength jitter. The current specification for the pathlength jitter a 400m pathlength
is 15nm rms over a 10ms interval, 41nm over 35ms and 55nm over 50ms. drhésmponds to laser
frequency stabilities of 35x 1011, 1.0 x 10~1% and 137 x 10~ respectively on these timescales.

Discussion with manufacturers of metrology lasers led us to believe that [Aggos might be suffi-
ciently stable, but Zygo was unable to provide data on short-term stabilitwetdzr, as the COAST
group owns a Zygo laser it was possible for us to do this test ourselv@gsloriginally planned to
beat the beam against that of a similar laser on a high speed photodiodelaboratory. However,
after a lengthy search a similar laser could not be procured and it watkeddo contract the work out
to National Physical Laboratories, who have a laser testing and calibs#ioice which beats lasers
against an iodine stabilised reference and can produce Allan deviatiGureegents for the timescales
of interest. NPL's system has a claimed frequency stability noise floasof 10~

9.3 Definition of Success

Success is achieved if a suitable solution in terms of diffraction and mechatabdity can be found
for the metrology beam expansion, and if a cost-effective metrology taserlso be found that is
sufficiently stable.

9.4 Results

9.4.1 Metrology power error budget

We assume that the metrology is accomplished using a Zygo ZMI7702 laskahdassociated fringe
detection systems. The laser head emits#2®f power and the fringe detection systems require a
fringe signal equivalent to 10V of power at the nomimal working fringe contrast. Assuming that one
laser is used for every 6 delay lines, and we assume a total optical systemgtthut of 50%, we have at
total power of 3pW per delay line. The total losses due to diffraction and misalignment carfahere
be a factor of no more than 3.5 in effective power loss.

9.4.2 Diffraction calculations

The schematic optical setup to be used for the metrology system is shown ria| fidguwhere the
nominally 6mm diameter metrology beam from the Zygo is expanded before mgéuged into the
delay line and is recontracted to 6mm after propagation through the delay line.

We assume here a Gaussian-profile metrology laser beam at waveleagdB28nm. The profile of
the beamamplitudeis given by

A(r,2) = A2 exp(—r?/p(2)%)

wherer is the transverse radial distance from the optical axis@zyis the radius to the /e contour
of the beam at a distanealong the propagation direction. Note that the beam intensity is proportional
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Figure 9.1: Schematic layout of the optical metrology ushmyZygo laser metrology system showing
the beam expansion and compression.
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to the square of the amplitude, so tipéz) is the radius of the Ag? intensity contour. By convention we
calld(z) = 2p(z) the beam diameter.

A Gaussian beam propagating over an infinite distance in free spacewdlyshave a waist where the
beam diameter is minimised and there is zero wavefront curvature. Weectiaogero of the axis to
be at this point, so that the beam waist diametel{®. To minimise beam spreading for a fixed-focus
beam expander, we choose the focus of the beam expander so thagthewaist is at the delay-line
catseye when the trolley is the maximum distance from the laser, i.e. 200m ahayalue ford(0)
which minimises the maximum beam diameter over a propagation pathk.af from the waist is then

given bydopt(0) = 24/ @nax which has a value of 12.6mm far.x = 200m. However, making the beam

larger than this will reduce the beam divergence due to diffraction amdaee the tolerance for beam

shear and so we choose instead a beam waist diamedéd)of= 20mm. The maximum beam diameter
is given by

. AZmax 2

d(zmax) = d(0)4/1+ <T[p(0)2>

which evaluates to 21.6mm in this case.
The beam intensity profile is given by

I(r) = loexp(—2r2/p?)
and so the fraction of the total power accepted by a circular optic of diaféasegiven by
OD/ZI(r)ZT[rdr
Jo I(r)2mrdr

Subsituting the worst-case valuegf= 21.6mm we find that if the clear aperture of the optics is 33mm,
then 99% of the light in the Gaussian beam is captured, i.e. only 1% of the lighhégotential to be
scattered into the stellar beam. We have chosen a clear aperture of 35mmiere.

= 1—exp(—D?/2p?)
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The losses in the metrology signal due to beam spreading are twofoldthérstis a reduction in the
amplitude matching of the interfering beams because one beam is spreadlarger or smaller area
than the other, and secondly there is a loss in contrast due to the mismatchaditloé curvature of the
interfering beams. By choosing the focus of the beam reducing teleapmpepriately, we can arrange
for the worst mismatch of beam intensity to occur when the beam curvattegsedectly matched,
and vice versa. In any case the magnitude of these effects are botls dtidesor of the order of the
fractional diameter mismatch i.e about 7% or less. Thus the beam diametemreaiirichange effects
are tolerable.

9.4.3 Shear stability calculation

If the shear of the metrology beam varies as the trolley moves along the delayrlohee to drifts in the
beam launch optics, this will cause the overlap of the return beam with theloggtreference beam to
vary. For two Gaussian beams of radputhe fractional change in the strength of the interference signal
for a differential shear o is given by exp—&%/2p?) so ford = 5mm andp = 10mm we get a change

in the interference signal by a factor of 0.88.

Thus when the beam shear is equal to the maximum variation expected due tfeatipe in the pipes,
the metrology signal loss due to misalignment is well within the power budget. &damswith the beam
shear correction servo switched off, the metrology will not lose lock.

The drift in the beam launch direction which would cause 5mm of misalignmeqtie &0 5mm/400m,
i.e. 12.%urad. This is a much less tight drift tolerance than most of the rest of the apties array, and
so should be easily achieved.

9.4.4 Metrology error due to shear correction servo

In order to reduce the possibility of metrology laser light leaking into the astnical beam, we plan to
introduce wedges on the front of the catseye as shown in figure 9.2 (gaisvids used on the PTI delay
lines). These deviate the metrology beam so that it lands on the catsepeagcmirror at a different
point from the starlight beam. Thus any light scattered from the metrologsnk@pears, when seen
from the starlight beam combiners, to come from a different direction theustdrlight and therefore
can be removed by spatial filtering.

However, as shown in the figure, this also means that when the secanilaoyis tilted to compensate
for shear errors, the optical pathlength travelled by the metrology bedrtharstarlight will differ. If
the focal spots of the metrology light and starlight are separated by aabsdtathen a mirror tilt of
0 will cause the metrology beam to travel an extra distance of approximatel2d6. What is most
important is the change in this differential pathlength with time, and gsins@pproximately fixed, then
changes ir® are important.

For a primary mirror with focal lengtti then to correct an optical shear variationyoequires a mirror
motion of@ =y/2f. Thus we have=yd/f. We will normally choose the focal spot from the metrology
beam to be many spot diameters from the starlight beam. For a metrology badiameterD, the
focal spot diameter will be approximatelyf 2/D. We choose to put the spot 10 spot diameters away
from the starlight, sa = 20fA/D. Combining these we get=20\y/D, and substituting = 6328nm,

y =5mm, andD = 20mm we get = 3.1um. We note that this is small in comparison to the allowed
defocus error for the catseye and so differential defocus betweeandlrology and the starlight is not a
concern.
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Figure 9.2: Schematic optical diagram showing the use dtalptvedges to displace the metrology
beam on the catseye secondary with respect to the starlige. inset diagram shows the effect of
secondary mirror tilt on the differential pathlength begénestarlight and the metrology beam.
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The above change in differential optical path is much larger than the alleviibge jitter on short
timescales, but the stated level mirror motion will generally occur on much |dimgescales than are of
concern for fringe jitter. The maximum rate of change of the shear d@nds of order 5mm/m of pipe.
With the trolley moving at its maximum tracking speed of 15mm/sec, this translatgdb = 75um/s
i.e. dz/dt =47nm/sec, which is well within the allowed range (15nm over 10msec, 55enb@msec).

9.4.5 Laser stability

The results from National Physical Laboratories are plotted in Figure [9FA. describes the results
between 10ms and 100ms as being “variable” and provides both best@st readings for those
timescales. They ascribe the problem to suspected “mains-locked fggunerdulation” in their test

laser but think that the “best” results are probably also the most repatisen

9.5 Discussion

The calculations indicate that providing the correct amount of beam siqrais used, diffraction is not
a problem and the effects of shear errors of the metrology beam ahg legst within an acceptable
range. The differential path errors due to the combined effects of titeed®ely-introduced metrol-
ogy beam angular offset and dynamic shear correction using the easegndary are small, but the
calculation does indicate that any shear correction system should be smooth

The results from the laser testing are ambiguous due to the uncertainty inrereasti from 10 to
100ms. If the “best” results in this range are representative then the Zg@® meets the requirement
and is certainly a feasible solution, although the laser is marginal at 1:0msmalibe mitigated if the
closed-loop bandwidth of the feedback loop using the metrology signalsisHas about 100Hz, since
laser frequency jitter at higher frequencies will then not feed througittéo in the delay line. If the
“worst” results are more typical then the 7702 does not meet the requitereued it will be necessary
to look elsewhere for our metrology needs.
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Figure 9.3: Allan deviation measurements for the Zygo ldglerasurements were variable in the range
10-100ms, for which the best and worst case measuremenptotierl. The stability requirement for
the MROI is also shown.

9.5.1 Fallback Options

The laser tested by NPL was a Zygo 7702. If this model proves to be inatedZygo manufactures
another lasers with improved specifications (the 7712), although it is urittba short-term stability
of these products is also improved, so such lasers would also have taduk tes

If such a laser also falls short of our requirements, we have sourosghafacturer of green Nd-Yag
frequency doubled NPRO lasers who claims a stability of 1kHz over a 10Qervaihy or 2x 1012,
This comfortably exceeds our stability requirements. However, the uagbfaslaser at MROI would
require custom design of the entire metrology system, whereas all pattefdygo equivalent can be
bought “off the shelf”.
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Conclusions

The results from the analyses and experiments can be summarised brigflyiby that, in general,
the experiments confirmed the low-risk nature of the proposed delay lirpbnin some cases, the
experiments did not result in the requirements for the final design beingyntle¢ lapparatus available at
the current stage of development, but in all cases the experiments desbeh$tiat the risks associated
with meeting the requirements would be both low and manageable.

Below we summarise the conclusions that can be drawn from the experimeatHjcally with respect
to any changes that might need to be made to the design, the potential prodi@amrpact of such
changes, and any possible future tests that it might be advantageousao mak

Pipe coupling schemeThe coupling design involving the use of dowels to align the pipe ends was
problem-free, and allowed the trolley tracks to be aligned to a level of acgwwuch that no dis-
cernible “bump” was seen in accelerometer measurments when going o\jeintfa tracking
speed. Millimetre-sized gaps between pipes were found to be acceptabldjameans that the
squareness requirements of the pipe are substantially reduced cortgparedheme involving
flanges. A limited amount of “production engineering” aimed at making suretlleademon-
strated dowel-hole drilling accuracy can be reliably reproduced on aflifejoints would help
to avoid pipe wastage.

The vacuum integrity of the test rig demonstrates that there are no suldgtasiti@ms in achiev-
ing a joint which is both flexible (to remove error build-up from pipe to pipej acceptably
vacuum-tight. The currently measured leak rates are marginal with respawintaining the
required vaccuum overnight without pumping, but it should be notedhleagtated requirements
have a substantial engineering margin of safety already built in, and asthethcurrent exper-
iments have been performed with little preparation of the pipe surface ouragoease in the
seals. Further work is required to determine the major contributing factors tuthent leak rate,
but in the worst case this will mean that additional finishing of the pipe endédia® needed to
allow more infrequent pumping of the vacuum system. As a worst-case estthmatmst impact
of this extra finishing would be at most $500 per joint, i.e. a total of $75k fot@m pipes
(assuming 4m pipe lengths), in comparison to an originally estimated cost foiphigoints, and
supports (excluding installation) of $435k.

Pipe supports The current design incorporating steel flexure legs with cradles fquighess have been
shown to be easy to set up and to allow straightforward installation of the.piples finite-
element model for the support system was validated and predicts thgi@atran of the pipe and
support system to 200m length should pose no particular problems wittmpediaresonances.
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The support system as designed fits easily into the allowable space enMelbphere is scope
for re-engineering of the design to allow manufacture and installation coltsrnunimised.

Carriage trajectory Direct tests of a trolley with a retroreflector showed that the samples of pipe p
chased “off-the-shelf” met all the straightness requirements consigitirdan active shear-control
system. The straightness parameter which was most stringent, that for pitdleyand yaw, still
had a 50% margin of safety in the worst case. Since these pipes werpeolly selected or
handled, this indicates that it is unlikely that a bulk order of standard alumipipes will require
significant amounts of selection or processing (apart from cleaningnovue grease etc) to be
acceptable for use in the delay lines. A better idea of the amount of pipgigelé@€any) that
might be needed may be derived by talking in detail with pipe manufacturets i uniformity
of their manufacturing processes.

The scheme used to measure the pipes showed that optical measuremeiteafithshear using
a laser is straightforward, and this can serve as a prototype for therseriee shear-correction
servo.

Control and communication The use of RF communications inside cylindrical conducting pipes was
never a high-risk item, but the risk that there might be nulls in the radiation patter to reflec-
tions in the pipe which could not be controlled by standard waveguide tagmigas demon-
strated to be low. The noise performance of the initial analogue RF traesees shown to be
not adequate for communicating the voice-coil drive signal, but manthefshelf alternatives
exist, including digital links or higher-quality FM links. In the worst case r¢hmay be some
increased engineering cost associated with adopting a less off-tliesamenercial solution for
this link, perhaps commissioning an RF design firm to adapt an existing treesdesign to our
needs. An estimated upper limit to this cost approximately $50k, but we judgedbability of
needing this fallback as being very low.

Power transmission A simple inductive power transmission system was shown to be superior in terms
of friction performance to conventional dragged-cable solutions,igirey adequate power and
power stability such that it had no discernible effect on the performahtteecdCOAST trolley
when compared with a wired supply. The mechanical effects of the in@ustizeme scale to
200m of travel much more favourably than dragged-cable solutionsgexrimdpolation of the
electrical performance to this length of travel was shown to presentritusebstacles.

Trolley steering Tests with a trolley with a low centre of gravity show that it was self-correatiitg
respect to “clocking”. Should a higher-centre-of-gravity design depéed, the tests show that
any forces tending to make the trolley clock only have a discernible effeat many trolley
lengths of travel, and therefore designing a low-bandwidth servo to\achigequate stability
should present few problems. Simple actuation schemes for such a eiinen,by steering one
wheel or by shifting a weight, were shown to be feasible and have nordisteimpact on the
level of trolley vibration and hence pose no risk of additional OPD jitter.

OPD disturbance testsThe use of compliant wheels was shown to give the expected isolation from
vibrations of the pipe and support. More importantly, the use of complianélstyave a lower
level of trolley vibration when running on the unfinished inner surfactheftest rig pipes than
seen on the COAST trolley when running on polished steel rails. A prelimimexgel of the
disturbance rejection of the MROI catseye servo, validated using the CT@Aley, shows that
all the OPD stability requirements can be met with more than adequate margins.

Metrology Analyses showed that with a suitably expanded metrology laser beam, tHittle issk
of loss of the metrology signal due to diffraction or alignment drifts, and ¢éwet without an
active beam shear correction system, the level of beam shear arismgnfin-straightness of
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pipes would not cause metrology signal loss. The wavelength stability ofmaneocial Zygo

laser was shown to be adequate for correction over a full 200m patbughht may be worth
doing stability tests on a more expensive Zygo laser to see if greater parioe margins are
available on the shortest timescales.

In most cases the results of the experiments met expectations, and amsesuttpat occurred during the
performance of the experiments were almost entirely positive. For exathpl&est trolley running on

compliant wheels on an unfinished pipe surface exhibited generally lalmetions than the COAST
trolley running on polished rails, the trolley turned out to be remarkablyteggito attempts to make it
“clock” inside the circular pipe, and little increase in vibration levels was sd®n the trolley wheels

rolled over gaps of many millimetres between the pipes.

In conclusion it can be said that that any remaining technical risks in thgdesve been demonstrated
to be manageable, and the programmatic impact of any changes in the ciivatapty be needed as
the design progresses are likely to be small.
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