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EXTERNAL BEAM PERFORMANCE AT P.P.A.* 

J. Kirchgessner 
Princeton-Pennsylvania Accelerator 

Princeton, New Jersey 

Summary 

The proton beam ext rac t ion  system which i s  
now operational a t  the  Princeton-Pennsylvania 
Accelerator i s  a resonant system operating on the 
y=2/3 r a d i a l  betatron resonance. 
extracting from a weak focusing synchrotron was 
f i rs t  proposed and shown t o  work by Turrin e t .  a l .  
a t  Frasca t i ,  Italy.1,2y3 

This method of 

The system requires t h a t  t he  synchrotron 
magnet be tuned t o  vr=2/3 with a quadrupole 
magnetic f i e l d  cmponent and t h a t  an a z k u t h a l l y  
varying second harmonic hexapole f i e l d  be ap- 
p l i ed  t o  dr ive  the  osc i l l a t iocs .  4 

When the  osc i l l a t ions  have reached suf- 
f i c i e n t  amplitude the  p a r t i c l e s  enter the aper- 
t u re  of a septum magnet which bends them c lea r  
of the synchrotror,. 
and focused t o  the  f i r s t  t a rge t  point i n  the  
External Bear. building. 

The beam i s  then steered 

Excitation Magnets 

Placea i n  four short  s t r a igh t  sections 
symetrically disposed around the  synchrotron a re  
four "Excitation" magnets. 
simultaneously, independently controllable quad- 
rupole and hexapole f i e l d  components. 
shows the current flow and the  resu l t ing  f i e l d  
components i n  the  two cases. 
previously been described i n  grea te r  d e t a i l  .5 

These magnets produce 

Figure 1 

These magnets have 

There i s  a l so  a dipole winding on each of 
these nagnets which i s  usefu l  i n  producing a 
f irst  harmonic closed o rb i t  d i s to r t ion  which 
s h i f t s  the beam closer t o  the  extraction nagnet 
aperture. 

Figure 2 shows a plan view of the synchro- 
t ron  with the  placement of'the various extraction 
conponents and the po la r i ty  of the f i e l d  con- 
ponents i n  the  synchrotron magnets, the excitation 
magnets, and the  extraction magnet. 

The sequence of operation consists i n  
establishing a f ixed  second harnonic hexapole 
f i e l d  component proportional t o  3 which estab- 
l i shes  a fixed osc i l l a t ion  growth r a t e .  The 
quadrupole component i s  then increased toward 
t h a t  valde which corresponds t o  the vr=2/3 
resonance. A s  the  resonance i s  approached, the 
protons with the  greater i n i t i a l  betatron ampli- 
tudes w i l l  become unstable and be extracted 
f i rs t .  I n  t h i s  manner the extraction r a t e  i s  
controlled by controll ing the r a t e  at which the  
vr=2/3 resonance i s  approached. 

Figure 3 shows the o rb i t s  of pa r t i c l e s  with 
respec; t o  the cent ra l  o r b i t .  
a re  2 r ad ia l  betatron osc i l la t ions  per 3 

A t  vr=2/3 there  

revolutions around the  synchrotron. The place- 
ment and phase of the  hexapole magnets a re  shown. 
The location of the  ex t rac t ion  magnet i s  shown 
with i t ' s  septum. 
target" i s  shown i n  the  normal t a rge t  s t r a igh t  
section. This t a rge t  in te rcepts  t h a t  beam which 
would s t r i k e  the septum. This prevents radia- 
t i o n  damage t o  the  septum magnet and secondary 
beams from t h i s  t a rge t  a re  available t o  the 
primary experimental area. 

The placement of a "shadow 

The behavior of t he  system i s  observed with 
a phosphor coated f l a g  a t  a pos i t ion  correspond- 
ing t o  the entrance of t he  extraction, septum 
magnet. 
apole f i e l d  cmponents can be observed and s e t  
t o  t he  correct value. 

The e f f e c t s  of t h e  quadrupole and hex- 

Extraction Magnet 

The purpose of the extraction magnet i s  t o  
in te rcept  the proton beam when the  betatron 
osc i l l a t ions  have reached suf f ic ien t  amplitude 
and t o  bend the p a r t i c l e s  c l ea r  of the  synchro- 
t ron  magnet. 
septum be as narrow as possible i n  order t o  have 
a high extraction efficiency. The extraction 
magnet used i n  t h i s  system operates a t  a peak 
f i e l d  of 14 kilogauss,  the septum conductor 
thickness i s  1/8 inch and the  overa l l  septum 
thickness i s  3/16 inch. The magnet i s  57 inches 
long and the  aperture i s  112 inch high by 1 inch 
wide. 

It i s  desired t h a t  t he  current 

This magnet which has a peak power dissipa- 
t i on  of 25OkW i s  water cooled and i s  powered with 
a t r ans i s to r  modulator which i s  able t prec ise ly  
program the current t o  0.01% accuracy. 8 

The septum of the extraction magnet i s  at a 
radius 3 inches grea te r  than the  cen t r a l  equilib- 
rium par t i c l e  o r b i t .  
:he plunging of t h i s  magnet a t  a 2OHz r a t e  w Y t t  
a peak t o  peak excursion of 2 inches. 
however have indicated tha t  the system performs 
sa t i s f ac to r i ly  with the  magnet fixed at a radius 
outside the in jec t ion  aperture. There are no 
plans now t o  plunge t h i s  magnet. 

Previous plans included 

Tests 

Figure 4 shows a photograph of the  extrac- 
The magnetic t i on  magnet presently being used. 

shielding fastened t o  the  magnet c o i l  clamps 
reduces the ex terca l  s t r ay  magnetic f i e l d  to  l e s s  
than one gauss. 

"Work performed under the  auspices of the United 
S ta tes  Atomic Energy Comission 
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External Beam Line 

After t he  beam i s  bent by approximately 9 
degrees by the  extraction magnet the  beam must 
be steered and focused to  the  f i r s t  t a rge t  point 
some 80 f e e t  away. 

The synchrotron vacuum system extends t o  
within 5 f e e t  of the f i r s t  t a rge t  point.  

The first element i n  the  transport  l i n e  i s  
3 f e e t  of laminated shielding which pro tec ts  t h e  
beam from the  very strong divergent f i e l d  of the  
synchrotron magnet i n  t h i s  region. 

The next element i s  a v e r t i c a l  steering d i -  
pole, the purpose of which i s  t o  ve r t i ca l ly  
center the  beam through the l a t e r  elements. 

I n  order t o  pass through the  tunnel t o  the  
external beam building the beam must be bent 
horizontally by 1 degree. 
the  beam i s  changing by 1% during the  desired 
extraction time, the  dipole cons is t s  of a dc 
dipole and a laminated ac dipole of 1/10 the  
bending power. 
during the s p i l l  t i n e .  

As the momentum of  

This ac dipole i s  10% modulated 

Along the l i n e  are two monitor boxes which 
contain remotely movable X and Y seaming scin- 
t i l l a t i o n  f ingers .  These monitors a re  used t o  
s e t  the  proper current programs on the  extractior. 
magnet, the v e r t i c a l  dipole and the  horizontai  
ac and dc dipoles. 

Approximately 35 f e e t  frcm the  extraction 
magnet i s  a quadrupole doublet. Here again 
t h e  dc quadrupoles a re  aided by adjacent ac 
quadrupoles i n  order t o  t rack  the  1% momentum 
var ia t ion  during the  extraction time. 

Figure j i s  a pian view of t he  beam l i n e  

2G eV 
C 

from the synchrotron t o  the  first ta rge t  point.  

One experiment i s  presently using a - 
secondaryn b e w  from the f i r s t  t a rge t  
pos i t ion .  A second experimext i s  using a zero 
degree K+ beam fron: a second t a rge t  point ~8 
f e e t  downstream with a focusing doublet i n  
between. These experiments will not run simul- 
taneously. When the  second i s  operating the  
f i r s t  t a rge t  w i l l  be removed and the  ac quadru- 
poles w i l l  be overdriven i n  order t o  compensate 
f o r  the  second dc doublet as well  a s  the f i r s t .  
This w i l l  move the f i r s t  focus but  the  second 
focus remains f ixed  is  the  momentum var ies .  

Performance of the System 

The exc i ta t ion  magnet system was operating 
i n  July, 1965. 
r ad ia l ly  and the  pa r t i c l e s  were observed a t  the  
entrance t o  the  extraction magnet. A long s p i l l  
(5 msec) was acheived and the s p i l l  was r e l -  
a t ive ly  devoid of synchrotron o s c i l l a t i o n  struc- 
tu re .  

The beam was made t o  blow up 

The only d i f f i c u l t y  encountered was tha t  we 
discovered tha t  the  equilibrium o r b i t  had t o  be 
centered t o  0 . 1  inch i n  order t o  avoid a ve r t i ca l  
blow up on the vv=l resonance. 
was predicted by e a r l i e r  d i g i t a l  ca lcu la t ions .  

In  SeFtember , 1966, the  extraction magnet 
was  ins ta l led  ar,d powered. 
vacuuni bear. l i n e  was  not complete nor were the  
ac magnets i n  the  beam l ine  operating. 

T h i s  f e a t u r e  

A t  t ha t  time the 

A short (200 vsec)  s p i l f  was achieved and 
with a dc quadrupole doublet the beam was focused 
t o  a 3/4 inch diameter spot a t  a distance of 85 
f ee t  from the synchrotron. The la rge  spot was 
due t o  the a i r  sca t te r ing  and ex i t  window scat-  
t e r ing  of the Frotor beam. 

!I'he extraction e f f ic iency  was measured to 
be 74%. 
ac t iv i t a t ion  of a go12 f o i l  i n  the  external 
beam and comparing the a c t i v i t y  with a similar 
gold f o i l  ac t iva t ion  on the  in t e rna l  t a rge t  with 
the  same amount of c i rcu la t ing  bean s t r ik ing  the  
t a rge t  v i a  R F  steering. 

This measurement was made by radio- 

Assuming t h a t  o sc i l l a t ion  growbh r a t e  i s  
exponential and therefore the  p a r t i c l e  d i s -  
t r i bu t ion  f a l l s  off a s . 1  the  maxi" extrzcsion 

efficiency would be 81$ This i s  simply due t o  
the  r a t i o  of the  septum m d t h  t o  the  extraction 
aperture width. 

I n  December, 1966, the vacuum beav l i n e  
was completed and the  system again operated. 
Figure 6 i s  a radioautograph made a t  the f i r s t  
focus point showing the  beam spot s ize  and 
d i s t r ibu t ion .  
beam l i e s  bcthin a 1/8 inch diameter c i r c l e  at 
t h i s  point.  Other measurements have shown the 
beam in t ens i ty  t o  be l e s s  than 1% at l/h inches 
from the  center of t he  spot. 

D ig i t a l  calculations performed e a r l i e r  i n -  

This shows tha t  754'0 of t he  proton 

dicated a v e r t i c a l  emittance of .16 mrad.cm. 
and a r a d i a l  emittance of .37 mrad.cm. With 
the  focusing system we are  using t h i s  would 
y i e ld  a spot s i z e  of .la inches high by .16 
inches wide which i s  consistant with our 
measured r e s u l t s .  

Immediate plans include two modes of opera- 

1) 
t i on  of t he  extraction system: 

For four machine cycles the  bearc i s  RF 
steered t o  an in t e rna l  t a rge t .  
f i f t h  machine cycle p a r t  of the  beam 
i s  sp i l l ed  in t e rna l ly  and then a f t e r  
a 2 t o  3 msec. delay during which time 
t h e  beam i s  steered back t o  a cen t r a l  
o r b l t ,  t he  remaining beam i s  extracted 
i n  about 100 p sec . 
Each machine cycle t h e  beam i s  extracted 
over a 10 msec. period with the  beam 
shared approximately half  and half  
between the  external t a rge t  and the  

hrery 

2) 
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2 )  i n t e r n a l  t a rge t  which i s  operating i n  a 
shadow t a rge t  mode. 

A t  the  Princeton-PennsylvEnia Accelerator 
most experiaents make use of the very t i g h t  RF 
bunching of the  beam. When the  beam i s  R F  steered 
t o  an in t e rna l  t a rge t ,  t h e  secondary pa r t i c l e  
bunch width i s  measured t o  be l e s s  than the  extent 
i n  time of t he  beam bunch i n  synchrotron phase 
space. The proton beam bunch time spread i n  
about 2.5 nsec. but the  secondary p a r t i c l e  bunch 
sime spresd ( f u l l  width a t  half maximum) has been 
measured t o  be not grea te r  than 1.1 nsec. 
i s  due t o  the  :act t ha t  t h e  synchrotron phase 
space i s  peeled sequentially and we observe only 
the  time spread i n  betatron phase space. When 
the beam i s  resonantly extracted,  t he  betatron 
phase space i s  sequentially peeled and pa r t i c l e s  
a re  taken indiscriminately from a l l  pa r t s  of 
synchrotror. phase space. The meesured beam bunch 
time spread of the  extracted (or resonantly tar- 
geted) beam i s  2 nsec. ( f u l l  wiath at  half  maxi- 
mum). 

This 

Some d i f f i c u l t y  has been encountered i n  
shadowing the  extraction rcsne t  septum. Due t o  
the  f a c t  t h a t  the shadow ta rge t  i s  1/2 betatron 
wave length before the septum, the  system i s  not 
achromatic with respect t o  the e n e r a  spread of 
the  beam. Thus, the septum can be completely 
protected only by using a shadow t a rge t  t h a t  i s  
wider than the  septum by amount equal t o  tw:ce 
the width of the beam i n  synchrotron phase space. 
This has the  e f f e c t  of lowering the  extraction 
efficiency, probably t o  l e s s  than 5 6 .  
ta rge t  1 betatron wave length before the  septum 
adequately shadows the septum i n  an achromatic 
w a y ,  but the secondary pa r t i c l e s  from t h i s  ta rge t  
a re  not expe rhen ta l ly  useful.  

A shadow 

A solution i s  

QUADRUPOLE CURRENTS AND FIELD 

HEXAPOLE CURRENTS AND FIELD 

Fig. 1. Section through an excitation magnet showing 
directions of current €low and resultant fields 
on the median plane. In actual use these cur- 
rents are superposed to give a combined but 
separately controllable field. 

being t e s t ed  which cons is t s  of a shadow ta rge t  
A before the  septum. This ta rge t  serves as an 
energy loss  jump ta rge t  f o r  the pa r t i c l e s  s t r i k -  
ing i t  which then feed the  & t a rge t  where the 

secondary pa r t i c l e s  a re  experimentally useful.  
This system has been tes ted  and seems t o  perform 
sa t i s f ac to r i ly .  

2 

Another d i f f i c u l t y  has a r i sen  with the 
shadowiig of the  septum. Due t o  reasons which 
a r e  not f u l l y  understood there i s  a twis t  i n  
t he  mapping fron a v e r t i c a l  shadow t a rge t  t o  
the  v e r t i c a l  septum. There a l so  seem t o  be 
present la rge  coherent v e r t i c a l  o sc i l l a t ions  or  
displacements. Detailed median plane measurements 
of the beam a t  high energy have been made end 
i t  has been determined tha t  a small f i rs t  har- 
monic ir the median plane location has a la rge  
e f f ec t  on these pnenomenon and indeed the  twist 
can be removed with the Froper location of the  
median plane. 
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Fig. 2. Plan view of the synchrotron showing location 
of system oomponents and polarity of fields 
used. 
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Fig. 3. Plot of particle trojectories with respect to 
central orbit followed 3 turns around the syn- 
chrotron. The location of the shadow target, 
the extraction magnet and septum and the ex- 
citation magnets are 8hown. The polarity of 
the hexapole field component is shown. 

EN0 OF SYNCHROTRON 
VACUUM 1 A.C. VERTICLE DIPOLE I l r  FA. C. HORIZ. DIPOLE 

A C. QUADRUPOLES 
- D. C. QUADRUPOLES 

1st TARGET 

t 
LPROTON BEAM 

35 FEET -50 FEET .-d 

Fig. 5. Plan view of the external beam line to the 
first target. The various magnets and monitor 
boxes are shown. 

Fig. 4. Photograph of the extraction magnet from up- 
stream end showing aperture and septum. The 
magnet is constructed of 14 mil grain oriented 
silicon steel. The conductor is 1/8 inch square 
copper with a 0.075 inch diameter water pas- 
sage. 

Fig. 6.  Radioautograph made from a 0.010 inch Cu. 
foil placed at the first target point. Target 
exposure time 10 minutes at fixed momentum. 
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