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Comments:

Revision on October 3 was a result of comments from Armin Reichold and Ryuhei
Sugahara. Some of suggestions by Armin could not be adopted in this version, because there
were not enough information to do so.

Revision on October 15 was again a result of comments from Armin Reichold and
Ryuhei Sugahara.

We still need numbers for almost all parameters.

Revision on Feb. 08 based on discussions made during LET meeting in Dec. 07 at SLAC
with inputs from K. Kubo, D. Schulte, Catherine LeCocq. We also include input from
Grzegorz Grzelak following the IWAA 2008 conference.

Revision in April 08 added random walk parameters from LiCAS simulations as
determined by G.Grzelak in his IWAAOS paper

1. Introduction

This document describes a method for generating the relevant positions and orientations of all
elements of the ILC that are important for low emmitance transport. In the real world the 6D
co-ordinates are the result of a global fit to all reference markers and component fiducials. This fit is
very complex and requires detailed knowledge of the exact measurement process. We need a simplified
method to efficiently generate the required co-ordinates. This method must have the same statistical
properties as the real fit. The simplified method will be parametric and parameters that lead to
successful beam based alignment can be understood as a requirement for the survey accuracy.

2. Offset errors

Relevant components:
e  All magnets, except weak dipole correctors
Accelerating cavities
e BPMs

“y” below represents either horizontal or vertical position offsets from the design line and &
refers to angular offsets.

A. General alignment scheme

Primary reference point will be marked every about L (2.5 km, which corresponds to distance
between shafts.). The errors of the point in all co-ordinates are assumed to follow a Gaussian
distribution. .
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Depending on the survey technique to be used, normal reference points will be located every L,
meters (Sm < L, < 50m). The error of the normal reference point can be modeled by a random walk
from one of the primary reference points to the next. (see below for detail).

Most of machine components are aligned on girders or cryomodules before being set into the
beam line. In the following we refer to cryomodules and girders collectively as supports. The error of
the components with respect to their supports is assumed to be Gaussian..

Supports and independent components are aligned with respect to reference points near them. The
error of this “stake-out” alignment is assumed to be Gaussian.

Parameters to be defined (horizontal and vertical)
RMS errors of primary reference points (Yp))

Parameters of random walk ( ay, ty, ag, ty, Aﬁw(ﬂmﬁc and AYsysematic-)

RMS errors of supports and independent components w.r.t. reference points (??)

RMS errors of components w.r.t. supports (??, there may be different errors for different
components).

Initial RMS offset errors of BPM w.r.t. attached magnets. (??, Before beam based measurement,
e.g. quad-shunting, which will reduce the error.)

B. Survey network

This section applies to the tunnels for Return line of RTML, the bunch compressor (BC) and the
main linac (ML) and describes the use of primary and normal reference points.

Primary reference point will be marked every L in the tunnel along a beam line.
Offset error of the | -th primary reference point is:

yp,j = G(@pr:tpr) (1-1)

(Tentative parameter may be a,, = 2-4 mm horizontal and 10mm vertical.)

G(at) is a Gaussian random with sigma @ and truncated at ta.

We refer to the area between the | -th and | +1-th primary reference points as the j-th region.
In the j-th region about Lpr /L, normal reference points are located in the survey network. Initially
the deviation of the normal reference points from the design line will be a random walk (random offset
plus random angle change) with step length | step starting from the j -th prirr_lary reference point. Let
Yo,j,n denote the offset of the normal reference point at the n-th step in the | -th region. The index 0
refers to the position not having been corrected with information from the primary reference points. Let
0 n be the angel of then-th step in the ] -th region. The effect of one step on the normal reference
points can be expressed as:

17) :6j’n+G(a91t9)+A0wsematiC
yo,j,n+1 = yo,j,n + G(a‘y 1ty )+Islep01,n+1 +AywSlermtic (O <ns<N _1) (1-2)
Yo.i0 = Ypj

where ay, ty, ag and ty are statistical error parameters for the random walk and
AQWS%H ¢ and AYggemaic Tepresent the systematic angle and offset errors, see [1][2][3].

j,n+1

We also need to compute the errors on the co-ordinate offsets from the random walk model. These
errors describe how well we know the offsets calculated above. The statistical and systematic errors are
separately described as functions of the step number n by the following formulae:
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- —\/|§epa§ n(n+1)(2n+1)+a§n(n+1)

y,nstat. — 2
_ [ n(n+1)
O nsat. = &, T (1-3)
(n+1)
O-y,n,syst, = lstepAesystemaIicn 2 + nAysystemaIiC

O-z,n,syst. = nAZS/stamtic

Systematic and statistical errors should be added in quadrature. In practice the systematic errors
are going to dominate the error at large distances as they scale quadratically with distance whereas the
statistical errors only scale with power 2/3.

In [2] and [3] tentative parameters for the random walk of the LiCAS survey system have been
found and are given below. It should be noted that other methods are likely to produce very different
parameters.

o Statistical errors
O  Avetical < 5 UM; Apvertica < 55.4 nrad
O Bnorizontal < 5 UM; Aghorizontal < 25.8 nrad
o Note that the transverse displacement errors are compatible with zero withing
their errors and negligible compared to the
o Systematic errors
0 AByertica = 58 - 260 nrad A orizonta = 25 — 115 nrad
o Ayvertical =12-53 wm, Ayhorizonlal =2.7-12.1 wm
o | s = 25m.

When the survey network reaches the next primary reference point, the network has to be
corrected to meet the primary reference point. This correction can be done in various ways. A correction
proportionally to the distance from the start point leads to kinks at the primary reference points and has
been shown to be unsatisfactory for beam based alignment (reference from Kyoshi).

We propose here to use a correction of the random walk co-ordinates proportional to the squared
distance from the primary reference marker We also suggest to not force the normal reference
co-ordinates to exactly meet the primary reference points but to weight the two sets of co-ordinates with
the inverse squared errors.

In the formula below we take N to be the number of steps in the | -th region. Step number
N=0 corresponds to the | -th primary reference pointand n=N corresponds the ] +1-th primary
reference point. It is natural to make L, /lge, integer.

Ye,in + Yo.in
ol ol 2
— y-primary y—O,],n
Yin=Yount| Yoin— Y - (s;(0.n)/s,(0,N)) (1-4)
O-y—primary +Gy—0,j,n
Where:

o 0<n<N
o Sj (m, n) is distance between n-th step and m-th step,
or, assuming constant | e,
sj(mn)=(n—m)lgep. (1-5)

Figure 1 shows how the correction of the random walk trajectory works. The trajectories across the
different sections are continuous both in offset and in angle.
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]
Fig.1, Quadratic correction of random walk trajectory to become compatible with the primary

reference markers.

C. Component alignment in cold regions
This section applies to the ML and linac parts of BC.

Cryomodules will be aligned with respect to reference points near them. So, offsets of each
cryomodule from the design line are caused by offsets of the reference points plus additional
cryomodule alignment errors which are assumed to be Gaussian:

Offset of m-th cryomodule from its design position:

Yer.m = YReer,m) + Gl@crter) (1-5)

(Tentative parameter may be taken from [??] ag =0.1 mm.)

where  YRr(erm) s derived from misalignment of reference points near the cryomodule.

One possible model for Ygr(r m) Will be based on least square fitting, as follows. Assume M
reference points are used for the alignment of one module. Assume further that the errors on all these
reference points are very similar. Let Yy, be the offset of the k-th reference point and S the
longitudinal position of the Kk -th reference point (k=0,1,,,M —1) and S the average longitudinal
position of the fiducial markers on the cryomodule,

- S Y-Sy
YRreer,m) = Y+ (S =)= = (1-6)
2
S-S
where bars denote average over used reference points, e.g.,

_ 1M—1
=— . (1-7
y M;yk (1-7)

Components in each cryomodule have random misalignments with respect to the cryomodule:
Offset of i -th cavity in m-th cryomodule:
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Yeavmi = Yor,m +(Scavmji — Ser.m)erm + Gl@cays teav) > (1-8)
(Tentative parameter may be a.g, = 0.3 mm.)
where Sgaym; is the longitudinal position of the (reference of) cavity, Sgrpy the longitudinal
position of the reference of the cryomodule and 6, the tilt (yaw or pitch) angle of the cryomodule
(see section 3).
Offset of Quad in m-th cryomodule:

Ygm = Yer,m * (Sqm — Ser,m)cr,m + G(aqvtq ), (1-9)
(Tentative parameter may be taken from [??] as ag=03 mm.)
where Sy, is the longitudinal position of the magnet.

Assuming quad, correctors and BPM are assembled as one package, BPM is aligned with respect
to the attached quad magnet:
Offset of BPM in m-th cryomodule:

Yopmm = Ygm t G(abpm1 tbpm ) (1-10)
(Tentative parameter may be appy, = 0.1 mm.)

Note that this is the initial error, before beam based measurement (e.g. quad-shunting). Beam
based measurements will reduce this error. We expect offset error of dipole correctors is not relevant.

D. Component alignment in warm regions.

In warm regions, one magnet or more than one magnet will be on one girder. In analogy to the
cryomodules, Girders will be aligned with respect to the nearest reference points. Offsets of each girder
arise from the offsets of the reference points plus some additional alignment error:

Misalignment of | -th girder:

Yg) = YRt G(agvtg) , o (1-11)

(Tentative parameter can be taken from [??]ag= 0.1 mm.)

where YR(a), is derived from offsets of the reference points near the girder in the same way as
YRecr,m) -Offset of 1 -th magnet, magnet type- K, on | -th girder:

Yili = Ygi +(Sk1i —Sgl)bg1 + Glay.t), (1-12)

where sy is the longitudinal position of the (reference of) magnet, sy the longitudinal
position of the reference of the girder and 6 the tilt (yaw or pitch) angle of the girder (see section 3,
where 6y is denoted as 6y ;).

Offset of i -th magnet, magnet type- K, which is not on a girder:

Yki = YRk + G@tk) » (1-13)
(Tentative parameter can be taken from [??] a, = 0.1 mm.)
where YRy is given from misalignment of reference points near the magnet as same as
YReer,m) and YR(g))- _
Offset of BPM which is attached to | -th magnet:
Yopmi = Ykl + Glappmk: thpmk ) - (1-14)
(Tentative parameter may be appy = 0.1 mm.)

Note that this is an initial error, before beam based measurement (e.g. quad-shunting). Beam
based measurements will reduce this error.
The parameters will depend on type of the magnets. So we write these with index K.

3. Roll errors (rotation around beam axis)

We assume that the roll of components (rotation around their beam axis) is measured with respect
to gravity using leveling equipment. We assume that changes of the gravitational vertical axis in this
direction will be small enough to be neglected. It is of course also possible to relate the roll angle of the
components to the reference network which would lead to strong and long distance correlations
between the roll errors of different components but this method has to be described and evaluated later.
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Relevant components:
o  All magnets
BPMs

Parameters to be defined:

RMS roll offset of cryomodule.

RMS roll offset of quads w.r.t. cryomodules.

RMS roll offset of cold BPM and correctors w.r.t. attached quads.
RMS roll offset of magnets in warm region

RMS roll offset of warm BPM w.r.t. attached magnets.

A. Cold region

We assume each cryomodule has independent roll offset:

Porm =G@ger tger) - (2-1)
Cold components are aligned w.r.t. the cryomodule before cooldown.
Roll offset of quad magnet in m-th cryomodule:

Pam =%cr.m+G(@yq:teq)- 2-2)
Assuming quadrupole, correctors and BPM are assembled as one package, correctors and BPM

are aligned with respect to the attached quadrupole magnet.
Roll of dipole corrector for x and y in m-th cryomodule:

Paxm = Pqm +Clag,ax: tg ax ) » (2-3)

¢dy,m = ¢q,m + G(a(p,dya t¢,dy) : 24
Roll of BPM in m-th cryomodule:

Popmm = Pgm + G(ay bpm: tgppm) - (2-5)

B. Warm region

We assume each warm magnet has an independent roll offset.
Rotation of i -th magnet, magnet type-K:

Pi =Glagk tsk)- (2-6)
Rotation of BPM which is attached to i -th magnet:
Popmi = i + Gy bpmk s te,bpmk ) - (2-7)

4. Tilt errors (yaw and pitch)

In this section we refer to yaw (rotation around vertical axis) and pitch (rotation around horizontal
axis perpendicular to the beam) collectively as tilts and represent these with 8. We assume that tilts are
measured with respect to the reference network and not with respect to gravity.

Relevant components:

Girders (for offset error of components on them)

Long bending magnets (yaw for vertical bends, pitch for horizontal bends)
Solenoid magnets

Accelerating cavities

We consider quadrupoles to have negligible tilt sensitivity.

Parameters to be defined (yaw and pitch) :

Page 6 of 9



Alignment Model of the ILC LET Components for Beam Dynamics Simulations
Version 5. February 2008

e  RMS tilt of cryomodule w.r.t. local survey network (reference points near the module).
RMS tilt of cavities w.r.t. cryomodules.
e  RMS tilt of magnets in warm region

A. Cavities

We assume each cryomodule has independent tilt offsets with respect to local survey network:
Ocrm =Oref crm + G(ae,cr Lo ) (3-1)

where O o mis the angle of local reference line, which is determined by position errors of
reference points near the module. The model for &g ¢ i is similar to that described in formula (1-5)
which leads to (3-2) with the usual definitions,
Y-Sy
Oref om= = 5> (3-2)
2
s”—-S
Cold components are aligned w.r.t. their cryomodule and thus the tilts of i -th cavity in m-th
cryomodule are:

Ocavmj =Ccrm+ G(ae,cav:te,cav) - (33

B. Girders and Long Magnets

We assume that each girder or long magnet has independent tilt offsets with respect to the local
survey line. Tilt offset of i -th girder or magnet of type-K:

Ok =Orei ki +CG@gpk tok): (3-4)
Oref ki 1 the angle of local reference line, which is determined by offset of reference points near
the girder or the magnet, which will be determined in the same way as 6ef ¢r m -

5. APPENDIX A

Though the equations (1-2) and (1-4) will be enough for simulations, for further considerations,
we can express the offset as:

n n n\o n N n(N-n
Yin Z[l—ﬁ)yp,j TN YRt (1—Nj2 Ayi— Ni ZlAy,i "'Istep%eo

i=1 =n+

n\y oo n N .
+|St6p(1_ﬁji§(l_l)A9’i _lstepﬁ Z(N +1_|)A9,i (ISnS N) ,

i=n+1

(A-1)

where Ay is the random number (G(ay,ty )) for offset at the i—th step and Ag; the random
number (G(ay,ty ) ) for angle change at the i —th step.

Assuming the all random numbers are independent and without truncations (tpr ty.ty =o0) it
can be shown after a little manipulations that the variance of the offset at the n-th offset will be as
follows.

2 2 2
2> _(N-nm~+n a%r+n(NN—n)a§+(n(N—n)j (I sepfo)’

o

y.n N2 2
2 2 (A-2)
Sl n(n+l)(2n+l)+ Ny (N-m(N-n+D2N-2n+1) (I qeng)’
N 6 N 6 step <o
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(N-n?+n*> n(N-n)

2 , 2 and
2 2
{(l_lzj n(n+1)6(2n+1)+(l2] (N=m(N _nzl)(ZN _2n+1)}/N3 are shown in Fig. 2

as functions of n/ N, assuming N =500 . Note that their behaviors almost do not depend on N, if
N is large. o is shown in Fig. 3 as a function of n/N , assuming N=500, 65=0
y.,n

ay=05um , ag=0l1urad and lge=4.5m . Two lines are from different assumptions;
apr =lmmand ap =0.
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Fig. 2, Coefficients of three terms in Eq. (6) as function of n/N
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Fig.3, o (apr =lmm)and o (:’:1pr =0) as function of n/N
y.n y.n

6. APPENDIX B

Here, we show the effect of the initial angle of the random walk, 6, disappears after the

correction of the accumulated error using a linear correction model. We consider the fact that the
quadratic correction model does not have this property to be a problem.

From Eq. (1-2), looking at the term including &}, in Yo jn, (M= 1,...,N)
n
Yojn =lsep 2 (N—=M+1)8;j n +other terms  (B-1)
me=l
For n=N,
N
YojN =lsep 2. (N—m+1)8; , + other terms  (B-2)
m=1
Then, from the Eq. (1-3) and (1-4),
n N
Yin=lgep Y (N=M+D8; m—lgep—+ 3 (N=m+1)8; y+other terms
m=l1 N m=1 (B-3)

N—-n

n n
=_|step N rTz,l(m_l)gj,m_lstep

N
— 2 (N-m+1); , + other terms
-

Which shows that the coefficient of @;; vanishes, when looking at he term of m=1 in Eq.

(B-3).

(1]

(2]

(3]
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