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Abstract 

The South llall Ring (SflR) lnttire uses sixteen large 
dipoles originally designed for t,hr Princeton-Penns,ylvania 
Accelerator. These 3.6m long, 30 t,on dipoles have brnd 
radii of over 9 mrt.ers and gaps of only 7.ficm. The require- 
rncbnt. that. the four clipolrs be powered in series, as well 
as ot,hrr restrictions, result.ed in magnetic and merhanical 
alignment tr-rlerancrs which are vrry demanding for mag- 
net.s of t.his size and shape. Two independent methods were 
usrd for measurrm?nt. of the field int.egral along thr drsign 
orbit. Field int,rgrals were measured on all diprvlcs using 
a long coil excited by ramping t.hr field. On four dipoles, 
the int.egrnls were also measured using Hall probrs moving 
along the design orbit. 7’hr technictaes and resells will be 
present,rd. The fiducialization of t.hrse dipoles was accom- 
plished using precisiorl-machined fixtures and the SLAC 
computer-aided Indust.rial hleasurement. System. Posit,inn 
corrections due to different, measurrd effective lengths of 
these magnets will be discussed, and details of fiducializa- 
tion and alignment will be presented. 

1 Introduction 

The 190 met,er circllmfercncr ST1 R, currently under com- 
missioning, will be a high int,ensit.y pulse st,retchcr faci1it.y 
providing high q1~a.lit.y cw electron beams wit.h energies be- 
tween 0.3 and I.0 GPV. It ran be operated in storage mode 
for internal target. experiment,s and in extraction mode for 
more conventional rxp?rimcnts. A drtailed drsrription of 
t.he ring is given in [I]. 

‘1’11~ 360 degrees of brntl in thr ring are providrd by I6 
Cprofile laminated dipole magnet,s, each 3.6m long wit,h a 
7.fcm gnp and a nominnl n value of l/2; one such magnet, 
is shown in figure 1. The yoke of each magnet, consists 
of c-shaped laminates of high 11, s&l with the pole t,ip 
field defined by rrenelat,ed laminalrd pole blocks each 2 
inches wide. The gap is determined by a vertical spacer 
plate separating the upprr and lower pole pieces; the upper 
pole pieces arp forced onto the spacer plate by pressurized 
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Figllre 1: One SHR dipole 

hoses. A &2.2mr relative pole t.ip inclinat,ion produces an 
n = 1/2 magnet. The pole blocks introduce some small 
gap variations along t,he length of the magnet resulting in 
field variations of &0.07% from block to block. The design 
requirements and magnetic tolerances for these dipoles are 
summarized in Table I. 

Tnl~le I 

Magnetic Tolerances 
_ ______ -.--.~~ ~. ___ . __ _ _~~~ - ..~ 
Qrmntity T Value Tolerance 

-.-- -..- - ----.;- 
Effective lengt,li lmm 
Gap 0.75mm 
Wnd angle 0. lmr 
l?tT. Field Boundary lmm 
Field sett,ability I”-:’ 

Field stability lo- ’ 
Field stability ~.. .~__. -L-- JsJzj-Jerrn 1 lo-’ 

The tolerance on the effect,ive field 1engt.h is very tight, 
because the beam passes through these dipoles many times 
and t,he effective field length enters the overall circnmfer- 
ence of the ring which has a tolerance of 5mm. Each of 
these dipoles has been magneticallg measured, fiducialized 
and aligned. 
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2 Magnetic Measurements 

Afl.er extensive st.udies two mrnaurrmrnl techniqnrs wrre 
devrloprd: stepping a llnll probe along t,lie design orbit to 
produce a field map, and measuring the EMF induced by 
a ramped field in a coil centered about the design orbit. 
Two-dimensional field maps with the XZ table provided 
the s 8. dl along the beam trajectory, n va111e, and an in- 
dication of field variations in the nniform region. The long 

coil measurement determined the effective length along the 
nominal beam path. 

2.1 XZ Table Measurement 

A two-dimensional mapping t,abie (on loan from NIST) 
was developed for field measurements using temperature- 
compfnsated liflll probes at prrdetermined points on a 
plane [R]. Two axes of mot,ion of t,he table are inst.rument,rd 
and controlled by computer via CAMAC; the vertical axis 
is cnnf rolled manually by a micrometer stage. 

The tlip~Jes are so long t,hat the t,af)le had to be placed 
at, each end of lhe magnel. f%+f maps were made using a 
Icing arm holding two flafl probes s~parat,etl by 54cm, and 
a complete map of a dipole required joining the four mea- 
surements from the (,wo Hall probes from each encf of the 
magnet.. l’his required a good cycling procedurr for the 
magnet, a stable power supply, and an overlap in mapping 
pnints of the t.wo probes. The XZ table origin was related 
to a reference point. in the magnet; we chose the inter- 
section of the design orbit with a fine parallel to t.he first 
laminat,ion in the end pole block. This point was optically 
refprencrd using a precision machined lixlnce holding a sur- 
vey target. The same fixture was used in the fiducialization 
of the magnet. ‘T’hp transverse origin was determined using 
a magnetic blade att,ached to an aluminum block of prerise 
lrrlgth with its end registered against t.he inner land of the 
upper pole t.ip. Radial firld maps confirmed the design n 
value of l/Z; the higher multipoles were consistent, wit.h 
zero in t,he uniform field region and had high values near 
the pole faces at each end of the magnet. 

2.2 Long Coil Measurements 

All 16 tlipoles were magnetically measured using the long 
coil. The long coil consists of an arc-shaped aluminum 
plate with an arc leng1.h equal to t.he phqsical 1rngl.h of 
the magnet arc plus 10 gaps, wi(,h grooves for t.hr closed 
loop signal wires. When installed in the magnet. for mea- 
srlrement, the long coil form posit,ioned a flat coil of width 
2.055 3. 0.004 inches on the midplane, centered about, l,he 
design orbit. As the current, was ramped from 0 to a set 
point (or from a set point to 0), an EMF was induced in 
the coil; magnetic flux or the time integral of the induced 
voltage 4, := J” I:& is proportional to the area of the roil 
and the change in the field, 
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Figure 2: Effective field length for FRC~ dipole (solid points 
are XZ results, open points are Long Coil results). 

where 1%’ is the average widi,h of the coil and L,JJ is the 
ellkctive magnetic length of the magnet. ‘l’he 6 turns of 
wire in the coil produced a 5 mV signal for a 5 Amp/set 
ramp. The field on the design orbit was measured at, nne 
location by two NMR probes inserted in a machined slot, in 
the form. Prior to each measurement, the l3ymec 2401-A 
Integrating Digital Voltmeter was calibrat,ed. 

The largest uncertainty in determining the effect,ive 
1engt.h WRS the uncertainty in the average widt.h of the coil, 
resulting from variations in the placement of the wires in 
t,he grooves. 

2.3 IZ.eslllts and Comparison of the Two 
Methods 

The XZ maps were more time consuming than t,he long coil 
measurements and required complicated off-line analysis 
for deriving the integrated field. The XZ map was used 
for absolute measurements while t.he long coil, due to the 
uncrrt#ainty in the absolute value of the coil width, was 
used for relative measuremenfs of the magnets. Figure 2 
shows C, ,I for all 16 dipoles for both techniques. 

The absolute V~IIIP of the firltf int.eRrnl ~RS mpasurrd 
wit.h the XZ tnf)lc, to 5~ 10 ’ 111 I _. III -” tfcpr=nding ljrimnr- 
ily on t,hr Ifnll prol)r scale‘ 11spd (in nt hrr words, depending 
on t,he magnet currrnt ) nnrl 1 II~X rtlsnlutr value of the ef- 
fective Irngth was mrnsllred to 3 < 10. ‘. Field integrals 
were measured at 4 currt=nt#s rorrrsponding to a range of 
beam energies between 0.3 and 1.1 GeV. The absolute and 
rrlat.ivr nncert,ainties in the long coil measurements of the 
&ct.ivr length are 8 >: IO- ’ and 3 x lo- ‘. A polynomial fit 
to the NMR probe field as a function of magnet current for 
the long coil data sets produced coefficients which are used 
by the SIIR control system to set. the magnets for a given 
beam energy; the control system also takes into account 
the varying bend radii p = L,.,J/(R/~) of the magnets. 
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3 Fiducialization 

In fhc fitlucinlixal~ion prorrss, t tir magnet.ic and mcchani- 
cnl RXCS of rach mngnrt were rrtatrtl to five fixed fiducial 
twgets on t.op of I.he magnet. Precision fix(,nres holding 
survey tnrg&i on the rriidplane were positioned ou the pole 
t,ip at. t.hr rdge of’ last lamination Ijlock at either end of the 
magnet such that. one of the targcxts in each fixture was on 
the design orbit,. We drfinrd t,hc midpoint between these 
t,wo target,s as the magnet origin. 

Fnr fiducializing all Stt R magnrfs we used t.he SLAC Tn- 
dustrial Measurement System (SIMS) [Z], with t,wo Kern 
electronic I heodolites. Wit.h f.he help of simulation sol?- 
war?, six theodoli1.e locations surrounding a dipole were 
chosen to achieve maximnm sensit.ivity to bot.h vertical 
and transverse locations of the survey targets on the mag- 
net and on t,he design orbit. 

The SIMS bundle adjuslmcnt software [3] generated the 
coortlinnt,es of magnet targets, fixture targets, t,argrl,s on 
eil.hrr end of a caliinatpd invar rod [4], and some auxiliary 
targt,ts with respect t,n l,lte coordinate syst.rm of one of the 
theodolites positioned close to the center of the magnet. 
A coordinate transfornlation from the theodotitr system 
I.0 the origin of the magnet was performed using software 
frown the SI,AC Alignment, Grolll). The coordina.trs of t,he 
five fixed targets were storrd for t.he next step, alignment. 

‘I’hr mflgnet origin foltnd in the fidlicialization procedure 
must IX adjust.ed t,o accouut for the different measured ef- 
fective lrngths of the maguel.s. Earl1 magnet must be po- 
sit.ioned snch t,tiat an rlrct,ron of the proper rnergv is bent, 
1)~ 22.5” and its path int,ercepts the Aducialization t,argets 
on the design orbit,. ‘Thus, a snit,al)le axis for these dipoles 
is a line connecting t,he efTect.ive field boundaries of I.he 
magnets which are hy requirement, on an arc of suhl.ended 
angle E. A transverse shift, of this axis is necessar,y because 
the effect.ive field boundary is further outside the magnet 
than the design value. 

4 Alignment 

For the SHR survey and alignment, [6], we adnpt,cd a 
rnmpuler-assist,ed dat.al)ase survry and alignment system 
from SLAC [7] which provided sufficient, redundancy and 
error analysis did not rrqltire ext,ensive experience with 
optical tooling Irchniclnrs. The main sfBeps are: 

1. Surwy of the network of SIJR Roar monuments, 

2. Catrulatinn of itlvnl cnnrdinat.es of magnet survey f.ar- 

gets, 

3. Int,egration of 1) and 2) into a database, and 

4. Alignment. of magnets lrsing f.he dat,ahase and int.er- 
sectirig sight lines of electronic theodolites. 

The SIIR has a nrt,work of over 80 floor monuments 
whose locations in the ring coordinate system are part of 
the dat,atlase. The ideal coordinates of survey targets on 

a magnet in the ring coordinate system are achieved by 
merging the ‘I’RANSI’ORT output of magnet location and 
the result of the flducialiration. A magnet WRS positioned 
t.0 within a few ct=nf.imeters of its idral lorfltion using con- 
vent.ional methods, then precisely aligned using the monu- 
ments and the daf,abase. A Wild N3 optical level, 2m sur- 
vey rod and a network of rlevat.ion rivets were used t,o level 
and set the magnet at its ideal height. With two theodo- 
lit.cs posit,ioned precisely on monuments at optimum loca- 
tions near a dipole, the CLASH interactive software from 
SLAC [5] calculat.rd (.he direct,ion t,o point t.he theodolitrs 
for each target. In an iterative process, the t,heodolites 
were set to the direction for each f.acget,, and t.he magnet, 
moved unt,il that, target was at, the int,ersertion of the two 
lines of sight; then the height of the magnet was corrected. 
In the end, all five targets were wi(.hin 1/41nm of t,heir ideal 
positions. 

5 Conclusions 

We have developed and execu6rd procednres for precision 
magnet,ic mess1lrrmenf.s and survey and alignment of 16 
very large dipoles for the SHR. ‘I’hr resu1t.s of the mngnptic 
mrasuremrnts have been implemented in the ring cont,rol 
sgst.rm. The success of t,he measllrements and the align- 
ments was confirmed by a successful storage of t,he beam 
on t.he first day of commissioning, for a time limited only 
hy energy losses due to synchrotron radiation, as the cw 
RF cavit,y was uot installed. 
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