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ABSTRACT 

The superconducting final focus triplets now operating at the SLAC Linear Collider (SLC) demonstrate 
most of the features required for a B Factory in terms of detector interaction and high machine tolerances. 

--These features are discussed, together with reasonable expectations for scaling to a B Factory. The effort 
.and schedule for this project are discussed. 
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1’. 1. INTR~DUCTI~N 

-~ Superconducting quadrupole triplets have been 
- operating as the final focusing element of the SLAC 

Linear Collider (SLC) for the past two years. The 
ch.allenges were to make a system that did -not en- 

_ Lumber the detector and that cpuld meet the ex- 
treme toleiances in alignment, and stability required 
for focusing Gams to m&on-sized spots. 

The cantilevered design illustrated in figure 1 
occludes no more solid angle than the conventional 
quadrupoles used earlier at the SLC and allow ac- 
cess to the inner detector by rolling out the end cap 
door within a few hours. Stray field has not been a 
problem and there has been no detectable interac- 
tion between the solenoidal field and the triplets. 

l?Igure I,-.Eledat.ion view of the two triplet 
barrels i%de the’ SLD detector. 
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Figure 2. Profile of the electron beam as focuqt,tl 
bi the triplet onto a 4-micron wirr. 

The precision mounting. measurement. ancl 
alignment of the triplets have resulted in mea.~un~tl 
spot sizes illustrated in figure 2. which are consi+ 
tent with the calculated minimum for this machines. 

Det.ails of the design and operation of this I;Y~- 
t,em have been recently published [l] but the COII- 
elusion for t,liis note is that such a system meets the 
requirements of detect,or geometry and extremel\ 
tight machine tolerances. The question of how this 
applies to B Factory designs is addressed in Sec- 
tion 2 and the required technical support is consitl- 
ered in Section 3 

2. .4PPLICATlOS TO A B FACTORJ- 

This section is reprinted from a study by th(, 
author for an earlier conference before the SLD sy+ 
tern went online [2]. The conclusions have chang~~(l 
little in the intervening thrf.(J years apart from tlII 
conviction. 

Contributed to the Conference on B Factories: State of the Art in Accelerators, 
Detectors, and Physics, Stanford, CA, April 6-lo,1992 
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Figure 3. Trajectories and magnet strengths in the 
. . SLAC Linear Collider (SLC). 

2.1. The SLC Final Focus System 

The Final Focus System (FFS) for the SLAC 
Linear Collider (SLC) consists of three supercon- 
ducting quadrupoles run in series. The beam en- _ -. 
v&lope trajectories and the magnet parameters [3] 
are shown -in-fig&e 3. The magnet strength is 
given in the notation k-(m-‘) i’ &T/m)/Bp 
with B p (Tm) = p(GeV/c)/0.3. 

- . 
The three quadrupoles are aligned as a com- 

-man triplet supported on the pit wall and the de- 
tect,or end cap, with the final 2.5 meters cantilever- 
ing t,hrough the end cap of the SLD detect’or int.o 
the central field volume as shown in figure 4. The 
end cap rolls out for detector maintenance without 
dist.urhing the triplet. 

-- e ,onventional iron quadrupoles have not, been 
ruled out in the above discussion, but in fact the 
magx1et.s must be superconducting for two reasons. 

-The required gradient and aperture produce a po- 
letifi field as r = 0.829’ x 50 GeV/0.3 x 115 T/m 
and B(poletip) = 11.5 kG/cm x 2.5 cm z 30 kG, 
which is beyond soft-iron limits. Second, the mag- 
nets protrude into the 0.6-T solenoidal field of the 
detector which would saturat,e iron poletips and 

- produce a multiton axial force on the t.riplet support. 

2.2. B Factor17 Final Focus System 

,\Yith the above as background, consider an 
FFS propo_se_d for a B Factory in the CESR tunnel. - _ 

Oxl~~~lut.ion’;sixlg round beams [4] gives the 
traJectories and quadrupole strengths shown in fig- 
urc 5. The focusing is a factor of 2 to 3 stronger be- 
KIWW of flWcloser distance to the interaction point 
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Figure 4. Layout of the superconducting FFS in 
the SLAC Linear Collider. The quadrupoles es- 
tend int.o the solenoidal field of the SLD detector. 
The end cap of t,he detector rolls back to the wall 
without disturbing the cryostat which is supported 
from the wall and a rolling point in the end cap. 
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Figure 5. Trajectories and magnet strengths for a 
@pica1 B Factory lattice for the CESR tunnel. 

and the closeness of the upstream focus compared 
to t,he SLC. 

Even with the much lo\yer momentum beans. 
this leads to quads wit,11 a gradient. more than half 
that of the SLC. \I:ith t,he larger aperture discussetl 
later, the poletip fields are comparable in t.he two 
cases. Since t.hese quads would also be well in 
side the cent,ral field volume for any detector fol 
a B Factory, the requirements on an FFC; are tlI(, 
same as for the SLC. 

Conceptual design parameters for a B Factor! 
system are listed in Tahlc 1 and discussed in tllc, 
following sections. 
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Table I. Characteristics of SLC and B Factory triplet designs. The interquad spacing of (1) is probably too 
‘small. The aperture of 10 cm of (2) was assumed tb permit a warm bore for the B Factory case, required in 
view of heating from RF, I’R, and synchrotron radiation. The outer diameter in (3) comes by adding the 
aperture increase. The range of helium use of (4) d e en p d s on options discussed in the article. The fringe 
field outside the cryostat is given in (5) w h ere T is the mean coil radius and R is the distance t,o a point 
outside the cryostat. This may be important for some detector component,s. 

Item. SLC B Factory 

L* 2.20 m 0.60 m 

L quad 0.67 m 0.45 Ill 

1.21 m 0.60 m 

,.e- AL,“4 0.36 m 0.20 m(” 

r 11.5 kG/cm 5 6 kG/cm 

Aperture (ID) 5 cm 10 cmt7) 

. . B poletip 30 kG 30 kG 

4250 A 1600. 2200 A _~ 
Cryostat. diameter 37 cm 42 cmt3) 

Alignment xt 100 pm accept able 

* 1 mrad marginal 
_ -. Support cantilever same 

_. . . - through end cap 

Helium plant- -. 2 x 50 2 x (S-40)(4’ 
- 

liquid liters/hr liquid liters/hr . 
Fringe field - r~(r/R)~ same’“) 

N 500 G at OD 

Table ?. Characteristics of several existing superconducting quadrupoles. The comparisons are meant fol 
illust.rative purposes only. The outer diameter in (1) wa.s obtained by adding to the actual cold diametc,r a 
radial clearance of 11 cm to account for cryogenic insulation, following SLC designs. For those with (2). the, 
diameter was scaled from drawings. The very low current in (3) results from using fi\re-irl-one conductor. 

-discussed lat,er in this article. 

- Machine 

SLD 

DO low /3 

DO correctors 

’ LEP low j3 
, - 

sQ+trc- - 

HERA arc 

Trist,an 

Coil Inner Outer 
Diameter Diameter 

(cm) (cm) 

5 34 

7.6 - 50(l) 

7.6 N 40(l) 

18 N 55W 

4 - 50”) 

7.5 - 9o(2) 
- 40 

Gradient 

(kG/cm) 

12 

14 

6.3 

3.6 

23 

9 

I 1 

cl, 10,~ /I,,, n.l 

4300 60% 

4800 

1100’3’ 

1625 580% 

6500 74’2 

5000 71% 

<4000 
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2.3. Magnets 
The SLC superconducting quadrupoles them- 

selves were designed and built at Fermilab in a very 
productive collaboration [5]. The magnets required 
for the B Factory study are similar to those for the 
collider. They would have a larger bore, which is 
generally easier to.use provided the peak field stays 
within range. Their somewhat shorter length also 
is an advantage. 

The features of these magnets are listed in 
Table 2, together with those used in, or proposed 
for, -other machines [6,7]. The message is that the 
parameters required for the B Factory are well 
within present technology. 

2.4. Beampipe . . 
The essence of t,he SLC is very small beam size 

at- the collision point, meaning very low average 
currents for equivalent luminosity. This eliminat,es 

- the problems of beampipe heating encountered in 
storage rings. As a result, the SLC cryostats run 
w&h a cold beampipe, resulting in smaller magnets, 
a simpler design, and a smaller otit,side diameter. 

The lai@ currents considered for the B Fac- 
tory produced RF heating of tens-‘of kilowatts in 
common stiuctures and 12R heating of 20 W/m in 
stainless tub?ng‘[B]; The RF losses in a completely 
-smooth pipe inside the cryostat would in principle 
be zero. Plating the beampipe with a good conduc- 
tor (even better at very low temperatures) would 
bring t.hese losses to near zero. Nevertheless, the 
presence of such large amount,s of power so close to 
the cryost~ats almost, certainly require the use of a 
warm beampipe insulated from the coldbore of t,he 
cr.yostat. 

The intense synchrotron radiation from the 
-quadrupoles may also require a larger-apert,ure, 
bakeable warmbore. 

The design assumed for the B Factory assumes 
a lo-cm aperture, allowing 2.5 cm in radius for in- 
sulation. In the SLC case, 1 cm is enough for a 
stat-it insulating shield when a warmbore is used 

_ during magnetic measurements. If a vapor-cooled 
shield is required, more space may be needed. 

2.5. Mechanical Issues 
, _. The SLC cryostat extends through the end cap 

of the d&-r with supports from the wall and 
in the eGY cap it&lf. This partial cantilevering 
minimizes the interference with the det,ector solid 
angie. A similar system should meet the criteria for 
a B Facidry detector as well, with a few caveat,s. 

,089 65ow.3 Cryostat Cross-Section 

Figure 6. Cross section through t.he SLC triplet 
cryostat. The out.er circle is a 40-cl11 staycleal 
through the end cap of the SLD detector. The 
outer diameter of the 2.5-cm-thick cryostat vacuum 
vessel is 33 cm, with some additional space required 
for support, structures. Nest inside is a thin copper 
vapor shield, cooled by helium gas boiloff. Nest in 
is the N 7-mm-t,hick helium jacket containing the 
magnet and its 4.4~cm-diameter coldbore. 

- The separation between quads is 20 cm in the 
B Factory case. A separation of 36 cm was ro- 
quired for t.he SLC system t,o account for t,he intrr- 
nal buss connections inside the physical quadrupol(, 
and enough room to make external splices. Ill- 

creasing this would require some compromist~s in 
the optics. 

In the proposed B Fact.ory optics, the magnetic 
field of the first quadrupole begins GO cm from the 
int,eraction point. About 20 cm of this must be used 
for cryogenic insulat.ion and the end connections of 
the magnet itself. Thus the cryostat barrel comch 
to within 40 cm of the interaction point. This esti- 
mated 43-cm-diameter structure would obscure too 
much of the det.ector solid angle. Although some’ 
reduction in out.er diamet,er may be possible, there 
is not much to be gained. (The cross section of 
the SLC cryostat is shown in figure 6.) A compro- 
mise in t,he opt.ics design t,o increase this dist ancc, 
is probably rrquirpd. 



,2.6. Fringe Field 
Most of the magnets listed in Table 2 use a 

soft-iron flux return. This slightly reduces the cur- 
rent required for a given gradient, provides a nec- 
essary stiffening member for the weak lamination 
structure that supports the coils, and reduces ex- 
ternal stray field.- This is not permitted with the 
SLC or B Factory designs due to the detector mag- 
net field. 

The fringe field just outside the SLD cryostat 
is about 500 G, falling off cubically. This cryostat is 
far enough from the SLD’s tracking and cerenkov 
det,ecto-@*hat the str-ay field is not an issue. The 
magnets in the B Factory case, however, are much 
closer to the central region and the effects of the 
fringe field must be looked at. . . 

2.7. Alignment 
The first problem in aligning magnets is to 

ensure that they are individually straight and un- 
twi?ted.. The magnet laminations and shims as- 

_ sure precise location of the coils-in the transverse 
plane, but-they must. be locked into an external, 
stiff jacket. &%ey will wgrp by almost a millime- 
t.er and twist .by tens of milliradians. The method 
used in the‘SLC case consists of rails keyed to the 
laminations gnd-pinned into the 7-mm-thick helium 
jacket. This results in magnet,s straight to 100 pm 
and true to better than 1 mrad. 

The second problem is to ensure that, the mag- 
nets are aligned t.o these tolerances to one another. 
In the SLC case, the magnets are azimuthally locked 
on final assembly but are individually adjustsable in 
t,lie horizontal and vertical planes. The adjust,ment, 
turrets add up to 3 cm in radius. 

2.S. Helium Plant 
-The cryogenics for the SLC triplets was de- 

signed with the large existing. SLAC helium plant in 
mind. This includes ‘choosing simple large-current 
(hub thermally lossy) leads, separately powering 
the two triplets, and cooling the vapor shield with 

‘helium boiloff instead of liquid nitrogen. 

The resulting system should run at about 50 liq- 
uid liters per hour for each triplet, based on results 
from-a two-magnet prototype. This is well above 
the-.scale ,~f~m&ll liquefiers that, can be run by a 

’ small, un*cializ&% crew. 

The main load (gas-cooled current leads) can 
be reduced first by going to a new Fermilab scheme 
of breaking each magnet cable into five parallel 

pieces, connected in series. Magnets have recently 
been built and tested with this technique [6]. This 
allows gas-cooled leads to be a factor of 5 smaller. 
and with proportionally smaller losses. The Tristan 
system connects the two triplets by a superconduct- 
ing cable, eliminating one pair of leads. Cooling 
the shield with liquid nitrogen reduces the second 
biggest load on the helium system. 

The result could in principle be a helium load 
as low as 10 liquid liters per hour, a much more 
manageable scale. 

2.9. Electrica, 
The B Factory design calls for three differ- 

ent gradients in the magnets. Assuming the samfz 
current-t,o-gradient ratio as the SLC quadrupoles. 
the currents are 1640, 1930. and 2170 A. These 
magnets are normally wound as four-terminal dr- 
vices by having one of t,he conductors in onr coil 
t,reated as an individual turn. This allows the mag- 
nets to be connected directly in series without a 
separat,e, uncompensated return buss. Trim cur- 
rents are directed t.o the input side of two of thf, 
three quads. \Yith this arrangement the main cur- 
rent would be 1930 A; the first t.rim would 1~ 
+240 A, t.o give 2170; the second trim would be 
-240 A t,o buck the first trim and -290 A to pro- 
vide the actual trim. 

This is not a trivial complication. requiring 
two pair more of large-current gas-cooled leads and 
precision high-current supplies. A compromise in 
the opt,ics design to allow equal-gradient magnet> 
would reduce t,he trim currents to trivial values. 

2.10. Sunlmar~- 
The proposal for a B Fact.ory in the CESR tull- 

nel requires high-gradient,, large aperture. close-ill 
quadrupoles that can operate in the presence of 
a large solenoidal magnetic field. A system simi- 
lar to that built. for t,he SLAC Linear Collider with 
quadrupoles built at Fermilab could meet thes;c‘ 
requirement,s. 

Problems t.hat must be addressed include mill- 
imizing the cryostat diameter near the interaction 
point, increasing interquad spacing, developing a 
thin warmbore beampipe. and understanding t hr, 
effects of the quadrupole fringe field on t.he detec- 
tor. Modifying the optics t.o allow equal gradieur 
magnet,s would simplify t.he power system. 

The large helium supply system required could 
be dramatically rrduted by going to the IIV\\ 
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Fermilab five-in-one coils, joining the triplets by a 
superconducting cable, and using a liquid nitrogen 
shield. 

3. TECHNICAL SUPPORT 

The support for building and then operating a 
superconducting device should be considered along 
with the strictly design issues. 

3.1. Construction 
The SLC triplet project at SLAC was launched 

-in early,&36 and installed in early 1991. Moreover, 
significant work on the coil design had already be- 
gun at Fermilab a year or so earlier. Much of this 
time went into R&D on new winding techniques 

.‘* and materials at Fermilab and into new helium 
transfei systems, support, alignment and measur- 
ing techniques at SLAC-including two prototypes. 

- Development of a new system for a B Factory could 
be accelerat,ed based on this experience, but one 
should -not underestimat,e the time to resolve new 

- -Pi@ures, such as a warm bore. 
. . . 

3.2. Operation - -. 
The irifrastrticture for operating a system such 

as this does-not-scale with size. The helium require- 
ments for these triplets are virtually the same as 
those for a large superconducting detector solenoid 
as they are dominated by losses in the inevitable 
high-current leads. 

For the SLC case, the operations infrastruc- 
ture, which included some 20 staff, backup com- 
pressors, and purifiers, was already in place due to 
a history of other projects at the lab. The current 
organization, moreover, can be amortized over the 
three SLC superconducting spin rotator solenoids 
and the SLC. Large Detector (SLD) liquid argon 
systems. Creating such support solely for a super- 
conducting final focus would be a significant factor 
in khe overall project planning. 
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