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I. INTRODUCTION

To meet the physicsrequirementsfor alignmentof the tunnel
transfermonuments,it appearsthat the useof sight pipesis desir
able. A sight pipe providesa verticalline of sight for thetransferof
surfacesurveymonumentcoordinatesto the tunnel level. A prin
cipal surveying constrainton the SSC is that the circumference
shouldnot deviatefrom the designvalue by more than 50 mm [11.
This is to allow, using the baselinescheme,a proper transferof
particlebunchesfrom the HEB to the Collider[2]. The effect of er
rors in circumferenceon the HEB and Collider coggingschemefor
bunchtransferis discussedin Appendix C. An additionalrequire
ment is that the differencein the half-circumferencefor eachhalf
of the Coffider connectingtwo interactionpoints must not exceed
50 mm [3]. For = .5 m, the luminosity efficiency ratio is 97%
with a 50 rum differencein half-circumferenceand 89% with a 100
mm differencein hail-circumference,and the correspondingvalues
for 3*

= 10 m are 99.8%and 99.3%. Theseare requirementsfor

* Operatedby the UniversitiesResearchAssociation, Inc. for
the U.S. Departmentof Energy under Contract No. DE-AC35-
89ER40486.
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the global survey, which gives knowledgeof distanceslonger than
1000 m. At present the value for the uncertaintyin the transverse
location of the principal surveymonumentsat the tunnel level is
of the order[4]

3cr r,s 15 mm, with sight pipes,

3cr rs 22 mm, without sight pipes.

This includesthe uncertaintiesin the GPSGlobalPositioningSys
tem surfacemonumentlocationsand the uncertaintiesresulting
from transferto the tunnel level. A systematicradial error at the
threesigmalevel would result in a circumferentialerror of approx
imately 2ir3cx. A randomerror in the location of the N transfer
monumentsper arc would result in a circumferentialerror of ap
proximately2ir3c/s/N.

High precisionin global alignmentis necessaryfor properper
formanceof theSuperCo]Jider. Tunnelsurveyshowsthat theLEP
transversealignmentis deterioratingat about 140 pm peryear[5].
Also, as shownin Fig. 1, thereappearsto be a slowly increasing
systematicradialerror,which increasesto a maximumvalueof 16
mm [6], in eachsectorof HERA. This errorcouldresult from hori
zontalrefractionduring angularmeasurementor from inaccuracies
in the self-centeringof the theodoliteand targets. A similar error
betweentransfermonumentsin the Collider couldresult in a max
imum radial increaseof 30 to 50 mm. In this note estimatesare
madeof threesigmalevel global alignmenterror effectson Collider
performance.Parametersare takenfrom the SSCParametersList,
17 January1992. The methodusedfor combining systematicor
randomerrorsis discussedin AppendixA.

Without the precision achievedwith sight pipes for global
alignment, it could be difficult to achievesomeof the tolerances
requiredfor properCollider performance.At 20 TeV, steeringcor
rectionsof .-‘ 45pradin both the radial and vertical directioncan
be madewithin a 90 m half-cell. It is important that the mag
nets are alignedalong a smoothpath. The quadrupolesmust be
aligned with a one sigma value of .45 mm [7]. The closedorbit
error andverticaldispersioncausedby global transversealignment
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errorsof the order 3cr t--’ 15 -* 22 mm at the transfermonuments
can be accommodatedwith the presentsteeringcorrectordipoles;
however,when coupledwith systematicalignment errors between
transfermonumentsof the type observedat HERA, the present
global alignment errors could make it difficult to preservethe 50
mm tolerancein the Collider circumference.

There is also a requirementthat the differencebetweenthe
circumferencesof the two Coffider rings shouldnot differ by more
than tiC = Caz.IE/E [8], wherea is the compactionfactor and
tiE is the energydifferencebetweenthe two rings. For C 87
1cm, at-a 9 x iO, and /2SE/E‘-a onefinds z.sC= 0.8 mm.

II. ARC CIRCUMFERENTIAL ERROR

In theColliderarcs,the distancebetweenprincipalmonuments
when transferredto the tunnel level is approximately4.3 km. Be
tweentheprincipal transfermonumentstherearesecondarymonu
mentsspacedat 30 m to 45 m apart. Theonea uncertaintyin the
locationof thesemonumentsis approximately.5 mm. Theseerrors,
alongwith a systematicerror of the type observedat HERA, could
result in a Coffider circumferentialerror greaterthan the allowed
50 mm.

The arc length betweentwo transfermonumentscanbe rep
resentedby

Go±öOo d d
SOo

= j ,O[l + /o2 + /po2]h/2do. 1

The radius p6 is representedas

P6 = P0 + ci + c2sinirO/Oo,

whereci representsthe radial uncertainty,6G the angularuncer
tainty, and c2 the maximumvalue of the slow systematicradial
deviation. Keeping termsof first order only, one finds the change
in the circumferencebetweenmonumentsto be

iXC00 = ±[cioo2 + p6Oo2]1"2 ± 2c200/ir, 2
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where6o ‘-a ir/N for N transfermonumentsin eacharc. The total
uncertainty in the circumferenceresulting from the two Coffider
arcsis at least

tiCarcs = ±v"W[cO02 + pobOo2}"2 ± 462. 3

With po6Oo r.a q6, and E2 = 0, 3 gives

LICarcs = 2irci/VN. 4

For N = 8, and e = 3cr, one finds at the threesigmalevel

LSiCarcs = 33mm, with sight pipes,

LICarcs = 49 mm, without sight pipes.

Thisrandomerror couldbemadesmallerwith the additionof more
transfermonuments,i.e. largerN. Any systematicerrorsresulting
from refractioneffectscouldbe the major sourceof circumferential
error. For the casewith 2 = 30 -+ 50 mm, onefinds a systematic
circumferentialerror

r’ ±120 -+ 200 mm

which should be addedto the randomerror.

III. STRAIGHT SECTION CIRCUMFERENTIAL ER
ROR

In a straightsection,the ideal distancebetweentransfermon
umentsis R1. If one assumesan error vectorg at eachideal loca
tion, then the vector distancebetweenmonumentlocationsi and
j is f = ii + if - iii. When averagedover the anglesbetween
the vectors,one finds the changein the distancebetweentransfer
monumentsto be

r_Rir’..#j_. 5
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For eachstraightsection,the maximum systematicdistanceerror
resultingfrom themisalignmentof N1 pairs of transfermonuments
would be N1a2/Ri.

Betweenthe transfermonuments,therearesecondarymonu
mentsspacedat 1?2 r 30 in apart. For N2 pairsof secondarymon
umentswith error vectorsLi, the estimateddistanceerror would be
N2b2/R2.For both straightsections,the changein the circumnfer
enceof theCollider resultingfromsystematicmonumentalignment
error, would be

2Nia2/Ri + 2N2b2/R2.

For randomalignment errors, N1 and N2 are replacedwith /Nj
and i/N, respectively. For valuesa = 10 mm, Li = 1.0 mm, R1 =

4.3 1cm, 2 = 30 m, N1 = 2, and N2 = 72, thereis a one sigma
circumferentialuncertaintyof of

tiCsysternaiic = 4.9 pm

tiCrandom = .63pm.

Theseare negligible whencomparedwith the uncertaintiesresult
ing from transversealignmenterrorsin the arcs.

IV. CLOSED ORBIT ERROR

The closedorbit error resulting from transversealignmenter
rors for N transfermonumentscanbe estimatedfrom the formula
[9], which appliesto both vertical and horizontalmisalignments,

1/2
. 1/2

= maxma:+mzn
[Orms]/WTh, 6

where6rms is the rms angulardeflectionresultingfrom monument
alignment errors, and ii is the machinetune. With a threesigma
alignmenterror, the deflectionangle,would be

v’x3a
7rims

- C/N
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For N = 20, onefinds

Orms = 4.8p rad, with sight pipes,

°rms = 7.0p rad, without sight pipes.

For /3max = 305, /3znin = 54, ii = 123.28,and N = 20, onefinds the
randomdosedorbit error

= 2.3mm, with sight pipes,

tiXrms = 3.4mm, without sight pipes,

at the threesigma level for monumentalignment errors. This is
within the correctionrangeof dipole correctormagnets,which is
45pradat 20 TeV and 10 times this value at 2 TeV.

As a result of vertical alignment surveyingmethods,system
atic tilt errors in the alignmentof the magnetsare not expected;
however, there is a possibility of systematicradial alignmenter
ror in the location of the monumentsand the magnets.If thereis
a transversesystematicradial changealong the ideal orbit of the
form

P = Po + c2sinrs/so,

wheres is the ideal orbit arc lengthando is the lengthoverwhich
the systematicerror of maximum deviation c2 occurs, then the
anglewhich must be correctedis

"-‘ 2dp/dsgo= c22ir/so. 8

For o = 4.3 km and O 45prad,this permitsa maximumdevi
ation of 2 "S’ 30 mm with a single steeringcorrection. This would
be the worst case,for therearecorrectormagnetsin eachcell.

If there is a systematicuncertaintyin the vertical alignment
of the transfermonuments,a vertical correctionbendof order

r’a 4D/so

would be required. For a systematicverticalerror of c at eachof N
monuments,the maximumvertical deviation would be D = Nc/2.
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For an arc, N "a 10, "a 10 mm, and o = 35 1cm; thusa correction
of O S.’Tp rad would be required. Betweentransfermonuments
of separation8 ra 4.3 km thereare approximately143 secondary
monuments.If "a 1.0mmfor eachsecondarymonument,thena
verticalsteeringcorrectionof 67p radwould be required. Onesees
that systematicvertical alignment errors require steering correc
tion; however,thereare steeringcorrectorsin eachcell to correct
this effect.

With verticalalignmenterrorsonecould expecta contribution
to vertical dispersion.The differential equationfor the dispersion
function D,s is

D"s + KsDs = 1/p. 9

If y = Qopo, then Dys r’a Qü’Ds. For a vertical arc of
sagittad and arc lengtho, the radiusof curvatureis

10

With d ra 100 mm, s0 ra 4.3 1cm, and p 12 1cm, one finds
2 x io, so that vertical dispersionis very small.

An additional effect associatedwith a circumferentialerror is
a small tuneshift. This is given by

5yra. 11

For$=180mandC=5x102m,thisgives6v=.44x104.

V. LUMINOSITY EFFICIENCY RATIO

Thedesignluminosityis a critical parameterfor the SSC. If the
half-circumferencein the north-half and south-halfof the Collider
differ, then oppositelymoving bunches,which start from a given
interactionpoint A, will not properlymeetat theinteractionpoint
B at the endof eachhalf-circumference.This will result in reduced
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luminosityat the interactionpoint B. As a measureof the overlap
of the Gaussianbunchesat the interactionpoint B, it is useful to
definethe luminosityefficiency ratio Rb,

Rö = 100 x £a, t5/12a,0 %, 12

where a is the bunch crossingangle and 5 is the difference be
tweeneachhalf-circumference.For Gaussianlongitudinalbunches
of transversestandarddeviationso, o,, andlongitudinalstandard
deviationc, onefinds, following the methodof Appendix B,

R5 = 100 x exp[__21 +
7Ycota/2 2.-1] % 13

The effects on the luminosity resulting from a mismatchin half-
circumferencesareas follows:

R5=SOmm=97.13%

.116 = 100mm = 89.14%,

with /3*
= .5 m, and

R5 = 50mm = 99.8%

R8 = 100mm = 99.3%,

with /3*
= 10 m. The luminosity can be restoredby changing

the RF phasein eachring of the Collider. The interactionpoint
can be moved up to one meterwith tuning of the final focusing
quadurpoles.

VI. CONCLUDING REMARKS

It appearsthat a global tunnel survey with the use of sight
pipeswould be desirablein achievingthe ideal designrequirements
for theCoffider. Althoughrandomerrorsof the orderof 3a "a 15 .-+

22 mm in the transversealignment of the transfermonumentsat
the tunnel level would appearto contributenot more than a 50
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mm error at the threea level to the circumferenceof the Collider,
a systematicerror of thetype observedat HERA could contribute
asmuchas 120 -÷ 200 mm to the circumference.Thedetectorscan
accormnodatean uncertaintyof the order of a ra 70 mm in the
location of the interactionpoint, andthe interactionpoint canbe
movedup to 1 meterwith the tuning of the final focusingtriplets.

Anotherconsiderationresulting from an error in the Collider
circumferenceis the mismatchof bunch centersduring transfer
from the HEB to the Collider. If the error in the Collider circum
ferenceis zCc0ij, then the error in the meanradius is r0j =

LCc0jz/2ir. For zCc0u = 50 mm and ac0u = 9.1 x iO, one
finds LXrCojj = 8 mm. Since

14

one kds zp/p 6.3 x i0. Along with this is a peak radial
excursionof 5 ra 7cozsLIp/p ra 11.3 mm, with t/CojL = 1.8 m.
This is outsidethe dynamicapertureof the Collider, which is ra 4
mm. Therefore,any adjustmentsrequiredfor properbunchtrans
fer shouldbe msdeby changingthe closedorbit of the HEB.

If the error in the Collider circumferenceis 50 mm, the mean
radius of the HEB closedorbit could be changedto make bunch
spacingmatch for transferfrom the HEB to the Collider. Since

1FHEn/Mc0u = ACHEB/LCCOI1, 15

and

= l/aHflMHjj/fJqE ra 4*9 x

the peak radial excursionof the closed orbit of the HEB would
be SrHEB "a 1.5 mm, with IJHEH = 3.1 m. This is marginally
acceptable.

If one prefersnot to usethe aboveprocedure,then another
concernresultingfrom a circumferentialerror in the Collider would
be the dilution of the longitudinal emittance.This is found from

= Az/a42. 16
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If the uncertaintyin the circumferenceof the Collider is LiCcon,
thentherewill be anmismatchof the bunchestransferredfrom the
HEB to the Collider. If the centralbunchin a train from the HEB
is centeredon an RE’ bucket in the Co]]ider, then therewill be an
error in the positionof the end bunchesrelativeto a bucketcenter
in the Collider of the order

Liz = LiCCOIICHEB/CCOI1. 17

For LiCcogi = 50 mm, anda = 70 mm, the longitudinalemittance
dilution is Lic,/e1 ra 39%, which is a small effect.

As a final remark, we considerthe error in the Collider cir
cumference,which can be correctedby tuning the HF cavity of
operatingfrequencyf. Thechangein the RE’ frequencyis related
to the circumferentialerror accordingto

hf/f = LSCcou/Ccou. 18

For LiCc0jz 50 mm, one finds Li f/f = .57 x 10-6. For the
Collider RF cavity, the nominal operatingfrequencyis 360 MHz,
andhf ra 205 Hz. This is within the tuningrangeof theHF cavity,
which is 50 kHz.

If sight pipesareusedfor theglobalsurvey,certainlocationsof
thesepipeswould aid in the precisionachievedin alignment. Sight
pipeslocatedat the endsof the straight sectionswould reducethe
initial angularerrors, which can occur in surveyingthe arcs. In
addition, it would be helpful to locatesight pipesat arc midpoints
andat the interactionpoints.

We havereceivedvaluabletechnicalsuggestionsfrom D. Lar
son,M. Syphersand R. Wilkins.
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APPENDIX A. RANDOM WALK

Themethodof combiningsystematicor randomerrorscanbe
understoodfrom a study of a randomwalk model. For m stepsof
length a to the right andN - in to the left, the distancetraveled
in N stepsis

D=mcr-N-ma=2m-Na. Al

If the probability for a step to the right is p and to the left is
q = 1

- p, thenthe probability for in stepsto the right and N - in
stepsto the left is PNm = npmqN_m. The meanvalue and
secondmomentof in are

in2 = m2 +Npq.

The meanvalue and variancermsvalue of D are

.b=2p- 1Na

aD = [/52 - b2]’!2 = /7ca.

For a systematicdisplacement,p = 1, 1 = Na, andaD = 0. For
a randomdisplacement,p = q = 1/2, 1 = 0, and aD =v’Na.
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APPENDIX B. LUMINOSITY

For nj, bunchesof circulation period T0 with NB protonsin
eachbunch,which crossat an anglea andhavespeedv relativeto
the interactionpoint, the luminosity, which dependson the differ
encein half-circumference8, is

£a, 8 = 2vcosa/2?J P1x,, Yl, zlmx2, Y2, z2dxdydzdt.

B1
For Gaussianbunches,the particledensityfunctionsare

N - yj2

_______

pjrvj, y, z
= 2ir3/2tayaz

e e frz B2

where the transversestandarddeviationsare a and at,, and the
longitudinal standarddeviation along the beam direction is a.
For bunches,which cross at an angle cr/2 relative to the z axis
andwhich havea distance8 betweentheft centerswhenonebunch
centeris at the interactionpoint, the coordinatesof the separate
bunchesare

21 = X

= zsincx/2+ ycosa/2 B3

z1 = zcosa/2 - ysina/2 - vt,

and
x2 = x

Y2 = -zsina/2 + ycosa/2 B4
zcosa/2 + ysina/2 + vt - 6.

Upon integration, one finds the luminosity as a function of
crossingangleand differencein half-circumferenceto be,

6 2 s ccota/2 2- 1
N2n e R2e21 ‘ ‘‘ cx / /

I ‘ Bb

_____________________

=

____________.

B5
T0 4iraaycosa/2tJ1+
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APPENDIX C. COGGING WITH CIRCUMFERENTIAL
ERRORS

The synchronizationbetweenacceleratorsrequiredfor bunch
transfer, "cogging", is usually performedwith. locking the sepa
rate bucket frequenciestogether. An additional synchronization,
resulting from shifting relativebucketpositions, "fine cogging", is
needed.To accomplishfrequencylock betweenthe Coffider andthe
HEB, whenthe two circumferencesdiffer from the ideal valuesdue
to constructionandsurveyerrors, it will be necessaryto shift the
beamin the HEB awayfrom the designcenter-lineby andaverage
shift in radiushf,

Li? = -ACHEB ± ACcozz/8. Cl

Thesign dependsuponthe sign of the two circumferentialerrors,
and the factor 1/8 representsthe ratio ACHEB/LSCCOEL. For

= 50mm and /XCHEB = 50/8mm, the required A? is
2.0 mm, and the correspondingop/p is 1.38 x l0-. This Li? is
the maximumallowed in the HEB, with the current design. Since
frequencylock can not be guaranteedwith largercircumferential
errors, the specificationfor the circumferentialerrorsshouldbe

iXCc0u 50 mm

and
ACHED 6.25 mm.

There is a method,using a modified cogging scheme,for ac
commodatinglargercircumferentialerrorsthanthosespecifiedabove.
This methodis "coggingon thefly", and it hasbeenproposedfor
LEB to MEB bunchtransfer[10]. For this method,the beamsin
bothmachinesrunon theircenter-lines,which callsfor RF frequen
cies that differ from the nominalhf0 by hf0hG/C. For example,
if LiCc0ji = 100 mm and LiCHEB = 12.5 mm, then this difference
is approximately69 MHz in eachring. Thus, if the errorsaresuch
that the differencefrequenciesadd, thenthereis a bucketslippage
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betweenthetwo ringsof 138 buckets/sec.Thisslippagecanbeused
to achievethe fine coggingrequired.This follows from thefact that
the maximumfine coggingrequiredis a shift of 144 buckets,which
requires a multi-step RF manipulation. If the slippagerate, due
to surveyingerror, is comparableto 114 buckets/sec,which corre
spondsto a slippagerateof one-halfbucket in fifteen turns in the
Collider, thenthe fine coggingcanbe done in -‘ 1.3 seconds.
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