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-Abstract 

An overview is given of the Final Focus Test Beam 
(FFTB) that is being constructed as a prototype final 
focus system for a future electron-positron linear collider. 
This beam line will use as input the 50 GeV electron 
beam from the SLC linac, and is designed to reduce the 
transverse dimensions of the beam spot at the focal point 
to 1 pm x 0.06 pm. 

1. INTRODUCTION 
One of the greatest challenges to the development of 

future e+e- linear colliders is to make particle beams with 
extremely small sizes. Whereas the particle bunches in the 
SLC are millimeter-long needles. 4-5 pm across. those in 
future machines will have to be ten times shorter and up to 
a thousand times narrower. The part of a linear e+e- col- 
lider that reduces the beam sizes and maintains the beams 
in collision is called the final focus. Producing and collid- 
mg tightly focused beams requires careful control and sta- 
bilization of the magnetic elements of the final focus. plac- 
ing considerable emphasis on accurate measurement of the 
properties of the beam itself. We have learned a great deal 
from operation of the SLC. but successful implementation 
of future machines at higher energies will demand that even 
tighter mechanical and electrical tolerances be respected. 
and greater measurement precision, as well as more pow- 
erful tuning mechanisms and techniques, be achieved. 

We [I] have recently begun to build and instrument a 
prototype final focus system for a future linear collider. 
This Finai Focus Test Beam (FFTB) [2]-which will oc- 
cupy some 185 meters in the straight-ahead channel at the 
end of the SLAC linac (Fig. 1)-is designed to accept the 
SLC electron beam as input and to produce a focal point 
at which the beam height will be demagnified, by a factor 
of 300. to a size smaller than 100 nanometers. Just such a 
compression factor will be required for the final focus of a 
Te\.-scale linear collider. 

a.# Final Focus Test Beam ,mll 
Figure 1. Location of the FFTB at the end if the SLAC 50 GeV 
linac: 

w Work supported by Department of Energy contract DE- 
~C03-76SF00515. 

Table I. Parameters of the Final Focus Test Beam 
Parameter NLC SLC FFTB 

Beam energy (TeV) 0.25 to 0.75 0.05 0.05 
Emittance yc, (rad-m) 3x10-d 3x lo-: 3x10-t 
Focusing SC (qm) 100 7000 100 
Demagnification 300 30 380 
Beam height gY (nm) 3 to 5 2000 60 
&pect ratio 100 to 200 1 15 
Bunch length uz (Gm) 50 to 100 500 500 
Bandwidth bplp (%) i0.3 iO.3 -io.3 
Bunch population ( lOlo 1 to 1 3 to j 1 to ! 

II. Optical Design 
The parameters of the FFTB have been chosen to match 

as closely as possible those of a future collider (Table I). The 
SLC damping rmg can produce an invariant emittance of ?L,, = 
: x lo-: rad.m at quantum mechanical equilibrium when oper- 
ated with the horizontal and vertical phase space components 
decoupled from each other. The optics of the FFTB [3] are cor- 
rected to third order for geometric and chromatic aberrations. 
and would theorerlcally be able to reduce such a beam to a spot 
wtth vertical height 37 nm. We anticipate. however. that the 
invariant emlttance of the beam will be enlarged during accel- 
eration in the iinac. It is expected that. for beam intensltles up 
to 10” particles per pulse. this growth can be controlled well 
enough to deliver -c,, = 3 x lo-’ rad.m to the entrance of the 
FFTB. This is sufficiently small that the FFTB will be able to 
achieven vertical spot dimension of 60 nm while maintwning a 
horizontal size of 1 grn. 

The FFTB contains five optical sections. The beam that 
appears at the end of the linac is first matched to the lattice of 
the FFTB beam line. The matching section controls the launch 
of the beam orbit into the FFTB. and contains lenses to match 
the betatron space of the beam to the FFTB lattice at the en- 
trance to the chromatic correctlon section. The FFTB design 
has two chromatic correction sections to allow the chromatlcl- 
ties of each plane to be separately tuned. This guarantees that 
the sextupoles can always be placed at their optimal locatIons 
(iV* phase advance to the focal point. with ,V integeri. The 
lattice includes a ‘j-exchanger’ to match the 3-function from 
one chromatic correction section to the other. The overall de- 
magnification of the system is controlled by the focal lengths 
of the initial beratron match and of the final telescopic sec- 
tion. The basic principles of this scheme have been successfull! 
demonstrated at the SLC. but the chromaticity that is being 
corrected in the FFTB lattice is an order of magnitude greater. 

There are two major third-order aberrations that remain in 
the spot produced by the above chromatic correction procedure. 
The first IS created by the finite thickness of the sextupole mag- 
nets. Third-order geometric aberrations (octupole-like), mtro- 
duced as the beam envelope changes within the length of the 
sextupoles. lead to an increase in the final spot size of approx- 
imately 4%. The second effect is more subtle. but just as sig- 
nificant. As particles pass through the bend magnets that cre- 
ate the dispersion necessary for the chromatic correction to oc- 
cur, they lose some energy through synchrotron radiation. The 

‘cancellation between the chromaticity introduced by the sex- 
tupoles and that introduced by the final quadrupole lenses can 
no longer be rigorous. This causes a 7% increase of the spot. 
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F igu re  2.  Ver t ica l  b e a m  he igh t  at  t he  FFTB focal  po in t  as  the  
focus ing  s t reng th  of  the  latt ice is var ied .  T h e  cu rves  s h o w  the  
resul t  for  opt ics unco r rec ted  for  chromat ic i ty  (sol id) ,  co r rec ted  
(dashed ) ,  a n d  the  monoch roma t i c  l i near  b e h a v i o u r  (dot ted) .  

T h e  op t ima l  d e s i g n  that  min imizes  the  spo t  d i lu t ion f rom 
the  two  effects d i scussed  a b o v e  h a s  b e e n  d e t e r m i n e d  [4] a n d  wil l  
b e  u s e d  for  the  FFTB.  T h e  p e r f o r m a n c e  of  this d e s i g n  is s h o w n  
in  Fig.  2.  A  s imi lar  op t imiza t ion  that  i nc ludes  the  emi t tance  
g row th  d u e  to synch ro t ron  rad ia t ion  in  the  b e n d  m a g n e t s  is 
d o n e  for  the  hor i zon ta l  p lane .  

III. M a g n e t s  
T h e  FFTB b e a m l i n e  consists  of  d iscre te  d ipo le ,  q u a d r u p o l e ,  

a n d  sex tupo le  magne t i c  e lements .  A p e r t u r e  s izes for  t hese  m a g -  
ne ts  h a v e  b e e n  d e t e r m i n e d  to assu re  at  least  1 0  u  c l ea rance  
b e t w e e n  the  po le- t ips  of  the  e lemen ts  a n d  the  nomina l l y  O -  
m a t c h e d  b e a m  wi th d e s i g n  emi t tance.  To le rances  o n  the  h a r -  
mon i c  con ten t  of  the  f ie lds h a v e  b e e n  ca lcu la ted  by  p lac ing  a  
l imit of  2 ‘%  o n  the  d i lu t ion ( p e r  m a g n e t )  of  t he  f inal  spo t  s ize 
d u e  to imper fec t ions  in  the  f ields. 

T h e  opt ica l  d e s i g n  of  the  FFTB h a s  b e e n  ta i lo red  so  that  
? 8  of  the  3 9  q u a d r u p o l e s  r e q u i r e d  for  the  sys tem c a n  b e  
cons t ruc ted  f rom a  s ing le  mechan i ca l  des ign - the  “S t a n d a r d  
Q u a d r u p o l e . ” Th is  is a  so l id  i r on -co re  m a g n e t  wi th  a n  ef fec-  
t ive l eng th  of  4 6 . 1  cm  a n d  b o r e  d iame te r  of  2 .3  cm  that  wil l  
b e  o p k r a t e d  wi th  po le - t ip  f ie lds b e l o w  1 0  k G  in  al l  cases.  T h e  
po le - t ip  con tou r  h a s  b e e n  d e s i g n e d  (wi th  the  p r o g r a m  P O IS -  
S O N )  to l imit t he  n o n - q u a d r u p o l e  f ie ld to less t h a n  0 . 1 %  of  the  
p r imary  q u a d r u p o l e  f ie ld at  7 0 %  of  the  ful l  ape r tu re .  

T h e  l enses  of  the  f inal  doub le t  a r e  m o r e  diff icult to  d e -  
s ign  a n d  fabr ica te  t h a n  the  r e m a i n d e r  of  the  q u a d r u p o l e  e le -  
ments .  T h e  restr ic t ions o n  the i r  h a r m o n i c  con ten t  a r e  r e d u c e d  
to 0 .030 /o ,  a n d  in  s o m e  cases  these  m a g n e t s  must  o p e r a t e  wi th  
po le - t ip  f ie lds that  a r e  as  l a rge  as  1 4  kG.  T h e  a l i gnmen t  to ler -  
a n c e s  for  t hese  e lemen ts  a r e  such  that  they  a r e  bes t  d e s i g n e d  
a n d  fabr ica ted  as  a  comp le te  set, a n d  that  they  b e  s u p p o r t e d  by  
a  c o m m o n  m o u n t i n g  st ructure.  A  p ro to type  m a g n e t  wi th  po l e -  
t ips m a d e  f rom the  compos i te  mater ia l  P e r m e n d u r  is p resen t l y  
b e i n g  fabr icated,  a n d  is expec ted  to l e a d  to a  successfu l  d e s i g n  
of  a  ful l  sca le  set  of  lenses.  

T h e  d ipo le  b e n d i n g  m a g n e t s  for  the  FFTB a r e  al l  o f  a  s ing le  
des ign - the  “S t a n d a r d  D ipo le .” Th is  is a  so l id  i r on -co re  “H ”- 
type  m a g n e t  wi th  re lat ive ly  m o d e s t  f ie ld s t rengths  a n d  to ler -  
ances .  E a c h  m a g n e t  is 2 .8  me te rs  l o n g  wi th  the  s a m e  2 .3  cm  
g a p  spac ing  u s e d  for  the  S t a n d a r d  Q u a d r u p o l e s .  T h e s e  m a g -  
ne ts  a r e  u s e d  in  pa i rs  s p a c e d  sl ight ly apa r t  to  p rov i de  access  to 
the  cen te r  of  e a c h  b e n d ,  o r  h inge ,  po in t  in  the  latt ice. 

Al l  sex tupo le  m a g n e t s  in  the  FFTB a r e  of  a  s ing le  des ign .  
T h e  h a r m o n i c  con ten t  of  the  sex tupo le  f ie ld in  t hese  m a g n e t s  

n e e d  on ly  b e  p u r e  to o n e  par t  in  1 0 0 ,  bu t  to avo id  seve re  sa tu ra -  
t ion of  the  magne t i c  f ie ld in  the  po le- t ip ,  it h a s  b e e n  n e c e a s a r )  
to r e d u c e  the  a p e r t u r e  of  t hese  m a g n e t s  to 2 .1  cm  a n d  set  the i r  
overa l l  l eng th  to 2 5  cm. T h e  m a g n e t  s tee l  wil l  r e m a i n  s l ight l? 
sa tu ra ted  (Z 5 % )  at  5 0  G e V  b e a m  ene rgy ,  a n d  the re  is s o m e  
d i lu t ion of  the  p e r f o r m a n c e  of  the  sys tem d u e  to the  l eng th  of  
the  magne ts .  T h e  effect o n  the  spo t  s ize of  the  t .h ick- lens sex-  
t upo le  h a s  b e e n  d i scussed  above .  

IV . Mechan i ca l  A l i gnmen t  a n d  S tabi l izat ion 
E r ro rs  in  the  pos i t ion ing  o r  o r ien ta t ion  of  the  magne t i c  e l -  

e m e n t s  of  the  FFTB (wi th  respec t  to the  idea l  b e a m  l ine  co -  
o rd ina tes )  d e g r a d e  the  p e r f o r m a n c e  of  the  sys tem by  in t roduc-  
i ng  a n o m a l o u s  d i spe rs ion  a n d / o r  coup l i ng  in tb  the  b e a m  p h a s e  
space .  

T h e  re la t ive a l i gnmen t  of  the  b e a m  l ine  wil l  suffer f rom fi- 
n i te  mo t ions  that  occu r  wi th  a  r a n g e  of  f r equenc ies  f rom 5  IO U  
Hz  d o w n  to the  static a l i gnmen t  limit. A l i gnmen t  e r ro rs  that  
a r e  wi th in  cer ta in  to le rances  (typical ly,  a  few tens  of  m ic rons  
for  the  FFTB)  can ,  in  pr inc ip le ,  b e  c o m p e n s a t e d  by  tun ing  the  
p a r a m e t e r s  of  the  latt ice. Th is  m e t h o d  wil l  b e  successfu l  if t he  
e r ro rs  a r e  static, o r  at  least  d e v e l o p  s lowly  c o m p a r e d  to the  t ime 
r e q u i r e d  to accomp l i sh  the  tun ing .  Comp le te l y  t un ing  the  lat-  
t ice m a y  r e q u i r e  severa l  hours .  Mo t ions  of  b e a m  l ine  e l e m e n t >  
that  p r o d u c e  m ic rons  of  d i sp lacemen t  in  shor te r  t imes must  
b e  m o n i t o r e d  a n d  e l im ina ted  by  add i t i ona l  h a r d w a r e .  \2‘ltlr a  
few except ions ,  “v ibra t ions” that  occu r  at  f r equenc ies  aho \< ,  
the  b a n d p a s s  of  the  a l i gnmen t  h a r d w a r e  canno t  b e  co r rec ted  III 
a n y  fash ion.  For tunate ly ,  p r o p a g a t i o n  of  acoust ica l  w a v e s  wi th  
f requenc ies  a b o v e  a  few tens  of  Hz  is s ign i f icant I> d a m p e d  1 1 1  
mater ia ls  such  as  conc re te  a n d  ear th .  

lni t ial  A l i gnmen t  To le rances  
If t he  pos i t ions  of  the  m a g n e t s  of  the  FFTB a r e  assurnet f  

to  b e  stable,  t h e n  s imula t ions  of  the  opt ica l  t un ing  h a v e  s h o w 1 1  
that  the  spo t  s ize at  the  focal  po in t  c a n  b e  r e d u c e d  to di f fer  f r o 1 1 1  
its d e s i g n  va lue  by  on ly  severa l  percen t ,  as  l o n g  as  the  magnr t i t  
cen te rs  ( n o d a l  po in ts )  of  t he  q u a d r u p o l e  a n d  sex tupo le  m a g n e t >  
a r e  init ial ly d i sp laced  f rom the  loca l  s t ra ight  l ine  a l o n g  NIIICII 
they  l ie by  a m o u n t s  

6 r rms  <  1 0 0  p m  a n d  C ly rms <  3 0  p m  
E a c h  loca l  l ine  s e g m e n t  must  in tersect  the  ad jo i n i ng  segme l l t>  
wi th  a  d is tance  of  c losest  a p p r o a c h  n o  g rea te r  t h a n  3 0  /11n.  hu t  
the  b e n d  po in ts  of  the  b e a m  l ine  n e e d  on ly  b e  wlthi l r  

A r  <  2  m m  a n d  ily <  0 .2  m m  
of  the  d e s i g n  t ra jectory.  B e n d i n g  m a g n e t  p o w e r  supp l i ~  cal l  
b e  ad jus ted  to c o m p e n s a t e  for  e r ro rs  in  geomet r i c  a n g l e >  

S tabil i ty D u r i n g  T u n i n g  
If suff ic ient ly we l l -a l igned ,  it wil l  b e  poss ib le  to ad jus tmen t  

the  opt ics of  the  test b e a m  to p r o d u c e  the  des i r ed  spo t  at  th<,  
focal  po int ,  bu t  to d o  so,  the  pos i t ion  of  the  b e a m  l ine  e lemen t -  
mus t  no t  c h a n g e  d u r i n g  the  tun ing  p r o c e d u r e .  If w e  den Ia l Id  
that  the  m a g n e t  pos i t ions  b e  suff ic ient ly s t .ab le that  n o  Ind l -  
v idua l  mo t i on  c h a n g e  the  spo t  s ize by  m o r e  t h a n  ? %  (e l thcr  
l a rge r  o r  smal ler ) ,  t h e n  s t ra igh t fo rward  ca lcu la t ions  s h o w  that  
w e  must  ma in ta in  t .he pos i t ion  of  e a c h  m a g n e t  to wi th in  i?  / i t11 
of  a  loca t ion  set  wi th  respec t  to the  r e m a i n d e r  of  the  m a g n e t s  ill 
t he  b e a m  l ine.  S imi la r  ca lcu la t ions  s h o w  that  the  ro l l  a n g l e s  of  
severa l  e l emen ts  a b o u t  the i r  magne t i c  cen te rs  n e e d  to b e  mal l i -  
t a i ned  to wi th in  0 .2  mrad .  

A  s t re tched-w i re  a l i gnmen t  sys tem h a s  b e e n  d e s i g n e d  [5] 
to  mon i to r  c h a n g e s  in  the  pos i t ions  a n d  or ien ta t ions  of  the  e l -  
e m e n t s  of  the  b e a m  l ine,  wi th  the  r e q u i r e d  accurac ies .  Da ta  
f rom this sys tem wil l  b e  a c q u i r e d  con t inuous ly  o n  a  m inu te~ to -  
m inu te  basis .  
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Lox& Term Stability 
We anticipate that during periods of use, the optical tun- 

.ing procedure will yield configurations of magnet positions that 
produee small spots. We would like to be able to return the 
magnets to positions that are close to one of these configura- 
tions, after periods of extended interruption of the operation of 
the beam line. Our philosophy is that, on these occasions, the 
calibration of the stretched-wire system may drift substantially 
or be compromised by work on the beam line. We are also con- 
cerned about the stability of the foundation of the structures 
that house the beam line. 

We have chosen to provide an “absolute” reference for the 
FFTB by extending the 3-km long Fresnel-lens system used to 
monitor alignment of the SLAC Linac/BSY. The positions of 
the stretched wires will be monitored with respect to this refer- 
ence line. Changes in the wire positions need to be determined 
with accuracies that are substantially smaller than the toler- 
ances on their initial absolute positions. Our goal is to be able 
to stabilize the tire system to remain within 10 pm of its ini- 
tial horizontal position and within 5 pm of its initial vertical 
position. 

Magnet Movers 
Each of the quadrupole and sextupole magnets will be 

placed on remotely-controllable supports capable of translating 
their lateral (horizontal and vertical) positions oLer a range of 
*I mm, in steps of 0.5 pm. Trim coils on the backleg flux return 
of each quadrupole may also be used to move the magnet cen- 
ters of the focusing elements by small amounts (up to 10 pm). 

Vibration. Tolerances 
The alignment system for the FFTB is not intended to be 

able to correct movements of beam line components that occur 
faster than can be followed with mechanical magnet movers con- 
trolled by a microprocessor-i.e., vibration at frequencies above 
z 0.01 Hz. To avoid dilution of the final spot size, the criti- 
cal beam line components will have to be isolated from high- 
frequency mechanical vibrations with amplitudes larger than a 
micron. 

V. Power Supplies 
The total DC power requirements for the FFTB magnets, 

less than 500 kIV, is not large, but the need to control the 
strength of individual magnetic elements along the beam line 
dictates that there be a relatively large number of power sup- 
plies. A total of 32 large supplies and 64 bipolar corrector sup- 
plies will be required to provide sufficient control to operate and 
tune the lattice optics. Tolerances on the stability of these sup- 
plies range between 0.01% and 0.001% of full scale. None of the 
supplies required for the FFTB are beyond presently available 
technology, and we plan to use commercially available devices. 

VI. Beam Position Monitors 
The beam position monitors BPMs used in the FFTB will 

be similar to monitors developed [6] for use in the SLC Final 
Focus. A monitor will be inserted into the aperture of each 
quadrupole magnet with the =strips” recessed into the space 
between the pole tips. This is done by extruding the beam 
pipe into a four-leaf clover cross section such that each BPM 
strip becomes the center conductor of a coaxial transmission 
line. Ap.proximately 25% of the coax is exposed to t.he beam, 
so a sizable image charge flows on the center conductor. 

A new philosophy is being adopted for the calibration of the 
beam position monitors used in the FFTB. We have developed 
a fixture that measures the axis of the field of the magnet, and 
simultaneously calibrates the response of the BPM. This is done 

by stretching a taut wire through the BPM after it is mounted 
in the quadrupole. The wire is vibrated to induce across its 
ends an EMF that is determined by the net integral magnetic 
field along its length. The symmetry axis of the magnet can 
be found by moving the end of the wire in micron steps until 
the signal is minimized. The vibration is then stopped and a 
voltage pulsed down the wire to simulate the passage of the 
beam. This provides a measure of the response of the BPM 
to a beam that passes at that wire position. The software can 
use this BPM response as its reference for locating the beam, 
relative to the axis of the magnet. 

Systematic errors in the measurement of the beam position 
are generated by electrical imbalances caused by the mechanical 
construction of the BPMs, attenuation differences between the 
four cables that bring the signals to the electronics, errors in 
the calibration of the signal-processing module, and mechanical 
alignment errors. We expect to be able to hold the sum of these 
errors to less than 30 pm on average. 

Pulse-to-pulse stability of the beam-position measurement is 
dependent on the noise in the signal-processing electronics and 
the least count of the ADC. Stray beam particles that strike 
the electrodes of the BPM can also contribute to pulse-tc+pulse 
noise. The mechanical design of the beam line includes shield- 
ing for the locations of the BPMs, and bench tests of the signal 
processing electronics indicates that we will be able to maintain 
uncorrelated pulse-to-pulse errors to below 2 pm 

VII. Control System 
Operation of the.FFTB beam line and detectors will be done 

from the SLC Main Control Center (MCC), where it will be pos- 
sible to monitor and control the upstream portions of the ma- 
chine, as well as the FFTB itself. Touch-panel consoles located 
in MCC provide the human interface to the machine hardware. 
Control of the FFTB hardware, and acquisition of data from 
the sensors and instrumentation in the beam line, will be done 
by a CA,&IAGbased system that is an extension of the existing 
SLC control structure. The FFTB hardware is designed to be 
compatible with the SLC database and protocols. and the full 
complement of on-line analysis and modelling programs that 
have been developed for the SLC will be available for use b> 
physicists and operators working with the FFTB. 

VIII. Schedule and Plans 
Comp0nent.s of the Final Focus Test Beam are presently un- 

der fabrication at the laboratories of the participating institu- 
tions around the world. It is expected that construction and 
installation of the beam line will be completed by the end of 
199?. Initial operation with beam will represent a significant 
step in the research and development necessary to realize thv 
next e+e- linear collider. 

PI 

PI 
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