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Eugene P. C O ~  ton' 

Abst ract  

A ?,~o-jtage beam t ranspor t  f o r  p o l a r i z e d  protons 
has been constructed and operated a t  the  Argonne ZGS. 
The f i r s t  stage d e l i v e r s  v e r t i c a l l y  p o l a r i z e d  protons 
(:(-type) t o  an e l a s t i c  s c a t t e r i n g  po la r imete r  c o n s i s t -  
i n g  o f  a 10 cm long  LH2 t a r g e t  and two moveable se ts  
of forward and r e c o i l  s c i n t i l l a t i o n  counters. The un- 
sca t te red  protons t ranspor ted through t h e  beam's second 
stage are iccused onto t h e  p o l a r i z e d  p ro ton  t a r g e t  
PDT-111; t h i s  t a r g e t  u t i l i z e s  a 2.5 T "R and A" magnet 
t o  produce t a r g e t  p o l a r i z a t i o n s  i n  t h e  h o r i z o n t a l  
plane, e i t h e r  i n  t h e  beam d i r e c t i o n  (L-type) o r  t rans -  
verse t o  i t  (S-type). The second stage o f  t h e  beam i s  
equipped w i t h  a combinat ion o f  superconduct ing so le -  
no ids and d i p o l e  magnets; thus the beam p o l a r i z a t i o n  
can s l s o  be r o t a t e d  t o  p o i n t  i n  t h e  L o r  5 d i r e c t i o n . '  
The e n t i r e  system has been operated success fu l l y  over  
the  momentum range 1.0 - 11 - 7 5  GeVIc w i th .  XS, LS. SS. 
and LL berm t a r g e t  sp in  d i r e c t i o n s .  

* I. I n t r o d u c t i o n  

The Arqonne Po la r i zed  Proton 'Target (PPT) group 
has c a r r i e d  o u t  a number of experiments u t i l i z i n g  t h e  
ZGS p o l a r i z e d  proton beam: Studies u s i n g  p o l a r i z e d  
p ro ton  and deuteron ta rge ts  have been p e r f o m d  w i t h  
the  PPT-111 ta rge t ;  t h i s  t a r g e t  i s  p o l a r i z e d  w i t h  
the a i d  o f  a' 2.5 T "R and A" magnetwhose.centra1 
f i e l d  1 i e s  i n  t h e  h o r i z o n t a l  plane. Th is  magnet can 
be r o t a t e d  about a v e r t i c a l  a x i s  t o  produce t a r g e t  
p o l a r i z a t i o n s  along ( o r  a n t i p a r a l l e l  - t o ) - t h e  beam 
d i r e c t i o n ,  o r  t ransverse t o  i t  ( 5  = il x L). 

Ye have construcz?d 3 spec ia i  be3m t r a n s p o r t  from 
t h e  ZGS EPB t o  ??T-111 i n  o rder  t o . e x p l o i t  the  ghys ics  
p o t e n t i a l  a f f o r d e d  by v a r i a b l e  enerqy p o l a r i z e d  p r o t o n  
beams from the ZGS. T h i s  t r a n s p o r t  covers the nomen- 
tum range of 1.0 - 11.75 GeV/c. Possesses i t s  own 
e l a s t i c  s c a t t e r i n g  p o l a r i m e t e r  and can, i n  p r i n c i p l e ,  
d e l i v e r  protons w i t h  an a r b i t r a r i l y  chosen s p i n  d i r e c -  
t i o n .  P a r t i c l e s  w i t h  an i n i t i a l  ha l f -d i ve rgence  a n g l e  
o f  3.0 mrad a r e  passed by the.  system, represen t ing  
a bean acceptance o f  z 30 vsr;  thus, t h e  f u l l  ZGS 
emi t tance o f  4 7 cm-mrad can be t ransmi t ted  f o r  an 
i n i t i a l  "source" o f  2.5 cm diameter. Sh ie ld ing  con- 
s i d e r a t i o n s  prec lude 2se o f  h i g h e r  i n t e n s i t i e s  than 
2 x 10 ' '  protons/pulse,  however. The p resen t  t r a n s p o r t  
represents an improvement over  the e a r l  i e r  des ign 
which c o u l d  reach 6 GeVIc and d i d  n o t  possess a p o l a r - ,  
imet2r;Z i n  t h a t  case, t h e  i n i t i a l  p o l a r i z a t i o n  was 
i n f e r r e d  from upstreain readings o f  the  50 MeV and 
CERN po la r imete rs .  The h e a r t  o f  t h e  t r a n s p o r t  i s  two 
superconduct ing so leno ids  which can be energized i n  
o rder  t o  precess t h e  s p i n  o f  t h e  incoming protons 
about the  beam d i r e c t i o n  f rom +type t o  S-type;-a 
downstream d i p o l e  i s  used t o  r o t a t e  the  bean s p i n  i n t o  
t h e  L d i r e c t i o n ,  i f  desi red.  

11. Beam Layout  and Oot i cs  

F igure  1 shows t h o  two stages o f  t h e  beam. The 
pulsed septum magnet S3l  s p l i t s  t h e  iPB w i t h  a 12 m n d  
beam r i g h t  (BR) d e f l e c t i o n ;  f u r t h e r  separa t ion  i s  
achieved w i t h  582 and 583. The d i p o l e s  81 and 82 
s t e e r  the  beam through t h e  s y m e t r i  c quadrupol e t r i p -  
l e t  41-94 t 6  t h e  LH, p o l a r i m e t e r  target.' These quad- 
rupoles. p lace  v e r t i c a l  and h o r i z o n t a l  f o c i  75.0 an 

Fig. 1 Physical Layout o f  P o l a r i z e d  Proton Transport L i n e  

Top h a l f  shows f i r s t  s tage frm "source" t o  LHZ t a r g e t  o f  
po lar imeter .  The lower  sec t ion  d isp lays  the  beam's second 
stage f o r  t r a n s p o r t  of an : I -  o r  S-type beam w i t h  35 off;  
a l so  shown (dashed) i s  the  c o n f i g u r a t i o n  u t i l i z e d  f o r  a 
law-energy. (5 6 GeV/c) L-type beam w i t h  B5 energized. 

' :iork supported by the  U.S. Department, of.  Energy. 
t Arconne !larional Laboratory, Argonne. 111.60439 IJSA 
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A 1-12 GeV/c 3€V1 TRANSPORT FOR TRANSVERSE OR LOPiGITUDI?JALL'! PCL<RIZED ?ROTO?iS* 
'I- . I ,  , .  C -  . Eugene P. Col ton' 

. C .  

Abstract  We have cons t ruc tzd  a specia i  beam t rznspor t  from 
,' the  ZGS EPB t o  PPT-I11 i n  order  t o . e x p l o i t  the phys ics 

A two-stage beam t r a n s p o r t  f o r  po la r i zed  protons p o t e n t i a l  a f fo rded  by v a r i a b l e  enerqy po la r i zed  p ro ton  . 
has been constructed and operated a t  the  Argonne ZGS. beams from the ZGS. Th is  t r a n s p o r t  covers the momen- 
The f i r s t  stage d e l i v e r s  v e r t i c a l l y  po la r i zed  protons tum range of 1.0 - 11.75 GeV/c. possesses i t s  own 
(&type)  t o  an e l a s t i c  s c a t t e r i n g  po la r imete r  cons is t -  e l a s t i c  s c a t t e r i n g  p o l a r i m e t e r  and can, i n  p r i n c i p l e ,  

' 

i n g  o f  a  10 cm long LH2 t a r g e t  and two moveable set's d e l i v e r  protons w i t h  an a r b i t r a r i l y  chosen sp in  d i r e c -  
of forward and reco i  1  s c i n t i  1  l a t i o n  counters. The un- t i on .  P a r t i c l e s  w i t h  irn i n i t i a l  ha l f -d ivergence ang le  
sca t te red  protons t ranspor ted through t h e  beam's second o f  9, 3.0 mrad a r e  passed by t h e  system, r2present ing 
stage a re  focused onto t h e  p o l a r i z e d  proton t a r g e t  a  bean acceptance o f  z 30 gsr; thus, t h e  f u l l  ZGS 
PPT-I :I; t h i s  t a r g e t  u t i l i z e s  a  2.5 T "R and A" magnet emi t tance  o f  4 7 cm-mrad can be t ransmi t ted f o r  an 
t o  produce t a r g e t  p o l a r i z a t i o n s  i n  the h o r i z o n t a l  I n i t i a l  "source" o f  2.5 cm diameter. Shie ld ing con- 
plane, e i t h e r  i n  t h e  beam d i r e c t i o n  (L-type) o r  t rans -  . s ide ra t ions  prec lude use o f  h igher  i n t e n s i t i e s  than 
verse t o  i t  (S-type). The second stage o f  t h e  beam i s  2  x l o 7  protons/pulse, however. i h e  present t r a n s p o r t  
equipped w i t h  a  combination o f  superconducting so le-  represents an improvement over  the e a r l i e r  design 
noids and d i p o l e  magnets ; thus the beam p o l a r i z a t i o n  which,could reach 6  GeV/c and d i d  n o t  possess a  p o l a r - , , ,  
can j l s o  be r o t a t e d  t o  p o i n t  i n  t h e  L o r  S d i r e c t i o n . '  i m e t ~ r ; ~  i n  t h a t  case, t h e  i n i t i a l  p o l a r i z a t i o n  was 
The e n t i r e  system has been operated success fu l l y  o v e r  i n f e r r e d  from upstreaio readings o f  the  50 EleV'and 
the  momentum range 1.0 - 11 - 7 5  GeV/c ri th.  XS,. LS , SS, CERN polar imeters.  The h e a r t  o f  the t ranspor t  i s  two 
and LL berm t a r g e t  s p i n  d i r e c t i o n s .  superconducting so lenoids which can be energized i n  

order  t o  precess t h e  s p i n  o f  the  incoming protons 
I. I n t r o d u c t i o n  about the  beam d i r e c t i o n  from H-type t o  S-type; a  

downstream d i p o l e  i s  tised t o  r o t a t e  t h e  bean s p i n  i n t o  
The Arqonne Po la r i zed  Proton Targe t  (PPT) group t h e  L  d i r e c t i o n ,  i f  desi red.  

. ' has c a r r i e d  o u t  a  number of experiments u t i l i z i n g  t h e  
ZGS po la r i zed  proton beam: Studies us ing  p o l a r i z e d  11. Beam Layout and Opt ics 
proton and deuteron ta rge ts  have been performed w i t h  
the  PPT-I11 ta rge t ;  t h i s  t a r g e t  i s  po la r i zed  w i t h  F igure  1  shows t h e  two stages o f  the  beam; The 
the a i d  o f  a 2.5 T  "R and A" magnet'whose.centra1 pulsed septum magnet S3l s p l i t s  the  iPB w i t h  a  12 mrad . - 

f i e l d  1  i e s  i n  the  hor i zon ta l  plane. Tinis magnet can beam. r i g h t  (BR) d e f l e c t i o n ;  f u r t h e r  separat ion i s  
be r o t a t e d  about a  v e r t i c a l  a x i s  t o  produce t a r g e t  achieved w i t h  562 and 583. The d ipo les  B1 and 62 
p o l a r i z a t i o n s  along ( o r  a n t i p a r a l l e l  , to )_ the  beam s teer  the  beam through t h e  synnnetri c  quadrupol e  t r i p -  
d i r e c t i o n ,  o r  transverse t o  i t  ( 5  = i t  x L). l e t  41-44 t e  t h e  LH, po la r imete r  target ;  These quad- 

rupoles. p lace v e r t i c a l  and hor i zon ta l  f o c i  75.0 cm 

Fig. 1 Physical Layout o f  Po la r i zed  Proton Transport L ine  

.Top h a l f  shows f i r s t  s tage f rom "source" t o  LH? t a r g e t  o f  
po lar imeter .  The lower sec t ion  d isp lays the  beam's second . 
stage f o r  t ranspor t  of an 3-  o r  S-type beam w i t h  25 off;  
a l so  shown (dashed) i s  the  con f igu ra t ion  u t i l i z e d  f o r  a  
1  ow-energy. (5 6 GeV/c) L-type beam w i t h  65 energized. 

" Xork supported by the U.S. Department o f  Energy. 
t Argonne !:ational Laboratory, Argonne, I 1  1.60439 IJSA 



' u$stresm, and 150.0 cm downstream of the target ,  re- 
" . spectively, with spat ia l  magnifications near -0.58. 
. The focal iocations are  so displaced in order to 

f a c i l i t a t e  polarimeter operation a t  small four- 
nomentum transfer (*?). However, the beam s ize  i s  
s t i l l  less  than 1.5 cm in diameter a t  the  5.0 cm 
diameter LH, target .  Unscattered protons exit ing the  
10 cm of LH1 a r e  steered on axis through the solenoids 
by the dipoles 83 and 84 in the second stage of the.  
beam (see lower half of Fig. 1 ) ;  quadrupoles 95-Q8 
recapture the beam and produce final  foci a t  the PPT 
xi th horizontal and ver t ica l  magnifications of 1.3 and 
1.2, respectively. The pitching magnets ST1 and ST2 
center the beam ver t ica l ly  level a t  the PPT center. 
!.le l i s t  the beam elements in  Table I as arranged f o r  
11.75 GeV/c final  N- o r  S-type beam polarization; the 
quadrupole strengths l i s t e d  were obtained using the  
i i  rst-order optimization procedure incorporated in the 
program TRANSPORT. Note tha t  in th i s  case the dipole 
35 i s  off;  the dashed example shown in Fig. 1 repre- 
sents a system yielding an L-type beam polarization. 
(See Sec. 1'1.) In th i s  case, a physical move of Q5, 
Q6, ST2. 84, and solenoids i s  required fo r  each energy 
change - t h i s  usually takes l e s s  than s i x  hours. 

The beam envelopes through the. system 1 is ted  
in Table I a r e  shown in Fig. -2; apertures, magnet 
locations, and horizontal plane optics a re  a lso  indi- 
cated. The unlabeled arrows represent adjustable 
collimators which a r e  us& to  control f inal  f lux,  spot 
s i z e  and beam. divergence. The final  divergences a r e  
expressed a s  X *  = 2.75 X + 0.75 X '  and Y '  = 0.8 YA 
(using cm and mrad units?; the 20.8 cm long brass 
collimator located between Q5 and 96 effectively l imi ts  
the maximum X '  and Y; passed by the. system., and so 
l imits f inal  Iivergence, 

TABLE t. Beam- Elements f o r  11.75 GeV/c N,S Cperation 

Fld.(T) or  
% y e t  Use Location ( m )  Grad. (T/m) 

12.0 mr 8R , . -1.0 - +1.0 
14.0 m r  8% 5.00 - 5.67 
40.1 m r  BR 6.30 - '7.42 
47.1 mr 8R 10.83 -11.77 
For. Oefoc.. , ' 12.23 -13.18 
Hor. Focus 13.53 -14.48 
rcor. FOCUS 1 4 . a ~  -15.75 
Hor. Oefoc. . 16.13 -17.08 
104.7 mr 8R 17.49 -19.34 
Yert. Steer. (up) 20.46 -21.02 
34.5 rnr SR 24.33 -26.21 
Hor. Oefoc. 28.62 -29.58 
Hor. Focus 30.13 -31.09 
Vert. Steer. (down) 31.43 -31.99 
122.2 mr BR 32.56 -34.44 
Spin Prec. 35.09 -37.22 
Spin Prec. 37.53 -39.66 
Off 40.31 -42.20 
Hor. Defoc. . 42.83 -43.30 
Hor.. Focus 43.57 -44.1a 

0.231 
0.822 
1.398 
1.965' 

16.99 
13.51 . 
13.51 
16.99 
2.214 
0.05 
0.718 

16.99 
16.16 
0.025 
2.536 
6.5 
6.5 
Zero 

11.02 
Zero 

Fig. 2 . TRANSPORTBearn Envelopes Through the-47.0 m. . . 
Beam Line 
In i t i a l  conditions are: horizontal ha1 f- 
width Xo = 0.625 cm, horizontal .half- 
divergence angle XA = 3.0 mrad, vert ical  
half-height Yo = 0.625 cm. and vert ical  

. - half-diversence angle Y; = 3.5 mrad. 

analysis i s  performed and the LF, and RF, counters a r e  
placed jus t  downstream of LF, and RF!, respectively. 
In a l l  cases, the  acceptance of the system i s  based - 
upon the solid angle subtended by the LF2 and RF, 
counters. Each recoil  arm contains two slabs of alu- 
minum,  the f i r s t  t o  s top protons w i t h  i n i t i a l  kinetic 
energy less  than 50 MeV [ t = -0.1 ( G ~ V / C ) ~ I ,  and the 
second to  stop protons with less  than 110 HeV [ t  =- 0.2 
(GeV/c)ZI o r  pions with less  than 45 YeV. The recoil 
coincidences, then, a r e  LR = LR!.LR,.IIR, and R R  = RR1 
-RR2.RRs-.The e l a s t i c  t r iggers  a re  defin6d by L = So* 
L .i?FL.RF2 and 8 = S .RR.LF;.LF,. Data were accumulat- 
ed over a period of 7-2 hours; t h i s  gives a typical 
polarization uncertainty o f  3% with normal running 
conditions. The beam intens i ty  i s  limited to less than 
2 x 10' ppp a t  So with a ZGS repeti t ion ra te  of about 
15 perminute. Thebeampolarization i s  given by 

I I Seam Polarimeter 

The incident beam polarization (N-type) i s  mmi- METERS 
tored with an e l a s t i c  scattering polarimeter which 
uses the LH, t a rget  as a scatterer.  Figure 3 shows a Fig. 3 Elastic Scattering Polarimeter; the recoil 
close-up view of the resident apparatus. The incoming angle 3~ i s  given by 7 - 3  and 3~ i s  the angle 
proton flux i s  monitored by the ion chamber (IC) and between. the incident beam trajectory and 
the.sc.i nt i  1 lat ion.  counter So; the segmented proportion- forward counter (LFI or RF1). 
a1 .ion chambers (SPIC's) provide horizontal beam pro- 
f i l e s .  Two se t s  of recoil and forvrard counter tele-  
scopes are  used :o identify e l a s t i c  scattering events 
a t  t = -0.13 ( G e ~ / c ) ~ .  Below 6 GeV/c no magnetic 



w i t h  i n  u n c e r t a i n t y  o f  

*;there the +/- sign. represents the i n i t i a l  sp in  up/aown 
from thn ZGS and Ap i s  the analyz ing power i n  pp 
s c a t t 2 r i n g .  The spyns are f l i p p e d  on a1 te rna te  pulses. 

: V .  Spin Precession 

Al lowing f o r ,  the small .depolar izat ions due to, 
e.g., v e r t i c a l  s t e e r i n g  magnets, quadrupoles and o ther  
inhomogeneties, the  beam i n c i d e n t  t o  the  so lenoid(s)  
i s .  v e r t i c a l l y  po la r i zed  (N-type). The s p i n  d i r e c t i o n  
o f  these o r ~ t o n s  w i l l  be precessed by t h e  so lenoid 
f i e l d s  3od l o l l o w i n g  d i p o l e  35 i f  they a re  powered, 
and by :he "R and A"  magnetic f i e l d .  The angle o f  pre- 
cession ?sl ( i n  the NS plane) due t o  the a x i a l  so lenoid 
f i e l d  3s IS given by glBSd1/(280) where 80 i s  t h e  mag- 
n e t i c  r i g i d i t y  o f  the  beam and g/2 i s  the  proton mag- 
n e t i c  moment ( 5  2.7928 r ~ m ) . ~  The sp in precession angle - ( i n  the  SL plane). .due t o  85' i s  g iven by (g/2-1) ve5 
's? 
wnero -5 i s  the  phys ica l  bend angle due t o  35; the  
system i s  cons t ra ined  so sf + 54 + 35 = 156.59 mrad 
aR. :lagnet loca t ions  and bend angles can be ca lcu la ted  
us ing the examples i n  Reference 2. F i n a l l y ,  t h e  "R and 
A" magnet a lso  precesses the beam sp in  by an angle 3s3 - i n  che XL plane f o r  an S-type t a r g e t  p o l a r i z a t i o n  and 
i n  the ?IS plane f o r  an L-type t a r g e t  p o l a r i z a t i o n .  I n  
the  l a t t e r  case 953 i s  ca lcu la ted  j u s t  as 3 (see 
above), but .assum~ng an a x i a l  f i e l d  in tegra? of 0.5 
T-m; then the s p i n  d i r e c t i o n  a t  the PPT i s  g iven by 

sp in  = C s i n  3sl s i n  3s2 '+  V ( i  cos (it-+s3) 
(3.1) 

+ N s i n  (a 3s3)} 

Car? iu i  beam s t e e r i n g  i s  requ i red  i n  order t o  
mainta in  proper sp in  r o t a t i o n s  i n  the solenoid(s1 and 
35. S?1C1s are mounted a t  the upstream and dcwnstrearn 
ends o f  the  s c l e n o i d ( s j  its we l l  as 1 m upstream o f  the, 
??T. Thus, we keep the. beam cente.red gn-axis a t  the  
SP!C p o s i t i o n s .  The r 3 d l  of 35 i s  kncwn t o  3.13 . from 
Hai 1 probe and  xi re-orbi t measurements, and the so le-  

' 

'sown. no id and "R and A" f i e l d  i n t e g r a l s  are a lso  welT L. 
Undesiresble sp in  components a re  kept  below the  5% 
l eve l  i n  a l l  cases. This  technique Idas ,worked v ~ e l l  
over the f u l l  momentum range o f  1.0 - 11.75 GeV/c f o r  
the sp in  c o n f i g u r a t i o n  RS, LS, SS, and LL. 
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::there 1 = tan-! [ c o t  iSl/cos i ] and I = [cosi is! 
+ j i n 2  T j l  - cos: ' s2 ]  + s2 


