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RHIC	  as	  Polarized	  Proton	  Collider	  

 	  Recent	  operaaons	  
 	  Highlights	  of	  performance	  improvements	  
 	  Some	  plans	  for	  Run	  17	  



Run	   Species	   Beam	  E	  [GeV]	   Length	  [wks]	  

2012	   p^-‐p^	   100	   4.5	  

255	   5	  

2013	   p^-‐p^	   255	   13	  

2015	   p^-‐p^	   100	   11	  

p^-‐Al	   100	   5	  

p^-‐Au	   100	   2	  

2017	   p^-‐p^	   255	   planned	  

Polarized	  Proton	  Operaaons	  



Operaang	  modes	  
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• Record	  luminosiaes	  for	  p-‐p	  collisions	  
• Doubled	  peak	  and	  average	  luminosity	  for	  100	  GeV	  collisions	  (2012	  –>	  2015)	  
• First	  polarized	  proton	  on	  ion	  collisions	  

• 	  Operaaonally	  challenging:	  IP	  orbits,	  Injector	  mode-‐switching,	  p-‐Au	  injecaon	  plateau	  



L	  ×	  P2	  

Operaang	  a	  Polarized	  Collider	  at	  High	  Luminosity	  

Figure	  of	  merit	  =	  	  
L	  ×	  P4	  

Single	  spin,	  transverse	  

Double	  spin,longitudinal	  

Luminosity	  	  	  	  

€ 

L ∝ N 2

ε
For	  single	  spin,	  bunch	  intensity	  N	  as	  important	  as	  polarizaaon	  P	  
Double	  spin,	  polarizaaon	  dominates	  

But	  emiLance,	  ε	  also	  factors	  into	  
polarizaaon	  

Amplitude	  dependent	  (“intrinsic”)	  
resonances	  dominate	  polarizaaon	  loss	  
for	  AGS	  and	  RHIC	  

Intensity	  profile	  

Pol	  profile	   5	  



•  Two	  pronged	  approach	  
– Directly	  address	  depolarizing	  resonances	  

•  Snakes,	  AC	  dipoles,	  spin	  matching,	  resonance	  jumping	  

–  Increase	  the	  luminosity	  with	  the	  smallest	  possible	  
emiLance	  
•  Injectors:	  Dealing	  with	  space	  charge	  
•  Collider:	  Beam-‐beam	  limita8ons	  

Operaang	  a	  Polarized	  Collider	  at	  High	  Luminosity	  
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Spin	  resonance	  jumping	  in	  the	  AGS	  

A	  Siberian	  snake	  rotates	  the	  
spin	  of	  the	  proton	  by	  an	  angle	  
χ	  in	  one	  pass	  through	  the	  
device	  

	  ‘full’	  snakes:	  	  
X	  =	  180°	  

νs	  energy	  dependent	  
nco	  NOT	  veracal	  

Not	  enough	  
room	  in	  the	  
AGS!	  

	  ‘paraal’	  snakes:	  	  
X	  <	  180°	  

νs	  =	  ½	  
nco	  =	  veracal	  

AGS	  has	  two	  
paraal	  snakes	  
(helical	  dipoles)	  
X	  =	  6°,	  10°	  

νs	  	  ≠	  n	  	  	  	  
No	  imperfec8on	  resonance!	  

If	  Qy	  near	  integer	  
νs≠	  nP	  +/-‐	  Qy	  	  

No	  ver8cal	  intrinsic	  resonance!	  	  

BUT:	  	  
The	  stable	  spin	  vector	  has	  a	  
horizontal	  component	  
	  Excites	  horizontal	  resonances	  	  

νs	  =	  n	  +/-‐	  Qx	   7	  



Spin	  resonance	  jumping	  in	  the	  AGS	  

A	  Siberian	  snake	  rotates	  the	  
spin	  of	  the	  proton	  by	  an	  angle	  
χ	  in	  one	  pass	  through	  the	  
device	  

	  ‘full’	  snakes:	  	  
χ	  =	  180°	  

νs	  energy	  dependent	  
nco	  NOT	  veracal	  

Not	  enough	  
room	  in	  the	  
AGS!	  

	  ‘paraal’	  snakes:	  	  
Χ	  <	  180°	  

νs	  =	  ½	  
nco	  =	  veracal	  

AGS	  has	  two	  
paraal	  snakes	  
(helical	  dipoles)	  
X	  =	  6°,	  10°	  

Froissart-‐Stora	  
Pi,	  Pf	  =	  iniaal	  and	  final	  polarizaaon	  	  	  
α	  	  	  	  	  	  	  	  =	  crossing	  rate	  
ε	  	  	  	  	  	  	  	  =	  resonance	  strength	  € 

Pf

Pi
= 2exp −

π ε 2

2α
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With	  tune	  jumps	  



p-‐C	  Asymmetry,	  AGS	  ramp	  

Jump	  quads	  provide	  +10%	  (relaave)	  increase	  in	  
polarizaaon	  

Determinaaon	  of	  jump	  ames	  needs	  energy	  
measurements	  to	  +/-‐	  5	  MeV	  (+/-‐	  100	  us)	  

Energy	  measured	  via:	  
	  Main	  bend	  field	  
	  Revoluaon	  frequency	  
	  Spin	  flips	  

Run	  15:	  unidenafied	  ‘dri�’	  makes	  the	  jump	  	  
quads	  ineffecave	  

Spin	  resonance	  jumping	  in	  the	  AGS	  

AGS	  Polarizaaon	  for	  physics	  fills	  
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Jump	  quads	  provide	  +10%	  (relaave)	  increase	  in	  
polarizaaon	  

Determinaaon	  of	  jump	  ames	  needs	  energy	  
measurements	  to	  +/-‐	  5	  MeV	  (+/-‐	  100	  us)	  

Energy	  measured	  via:	  
	  Main	  bend	  field	  
	  Revoluaon	  frequency	  
	  Spin	  flips	  

Run	  15:	  unidenafied	  ‘dri�’	  makes	  the	  jump	  	  
quads	  ineffecave	  

Spin	  resonance	  jumping	  in	  the	  AGS	  

Invesagaaon	  of	  possible	  systemaac	  
errors	  
• 	  Power	  supply	  triggering	  delays	  
• 	  Contribuaon	  of	  orbit	  correctors	  to	  main	  
bend	  
• 	  Orbit	  driven	  spin	  tune	  shi�s	  (too	  small)	  
• 	  Measurement	  ame	  synchronizaaon	  
errors	  	  

Addiaonal	  diagnosacs	  
• 	  Online	  jump	  quad	  field	  measurements	  
• 	  Monitoring	  of	  main	  magnet	  cooling	  water	  
temperature	  
• 	  Improved	  climate	  control	  for	  reference	  
magnet	  instrumentaaon	  (source	  of	  field	  
measurement)	  

10	  



Space	  charge	  effect	  in	  the	  injectors	  

Space	  charge	  tune	  shi�s	  
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β,γ	  =	  relaavisac	  factors	  
I	  =	  peak	  and	  average	  beam	  current	  
N,ε	  =	  intensity,	  emiLance	  

RUN	  13	  Source	  Upgrade	  
N	  =	  5×1011	  	  	  1×1012	  /pulse	  from	  source	  

Protons	  at	  Booster	  injecaon	  
200	  MeV,	  	  N=9×1011	  	  

ΔQsc	  >	  0.2	  

Longitudinal	  Phase	  Space	  (Booster	  acceleraaon)	  

dE
	  [M

eV
]	  

dt	  [ns]	  

Single	  RF	  harmonic	  

Double	  RF	  harmonic	  
Defocusing	  the	  bunch	  longitudinally	  
reduces	  the	  space	  charge	  ‘bunching	  
factor’	  

Plot	  courtesy	  C.	  Gardner	  
11	  



h=1	  only	  

h=1,	  h=2	  

9×
10

11
	  

Space	  charge	  effect	  in	  the	  injectors	  

Booster	  intensity	  

Low	  energy	  space	  charge	  losses	  fixed	  by	  bunch	  lengthening	  

Intenaonal	  
transverse	  scraping	  
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Veracal	  
Horizontal	  

Transverse	  Beam	  Transfer	  Funcaons	  

Beam-‐beam	  Limitaaons	  
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Oncoming	  proton	  beam	  acts	  as	  a	  nonlinear	  
defocusing	  force.	  

Shape	  of	  beam-‐beam	  force	  for	  Gaussian	  beams	  

Defocusing	  strength	  parameterized	  by	  the	  
‘beam-‐beam	  tune	  shi�’,	  scales	  like:	  

Nonlinearity	  produces	  both	  a	  shi�	  in	  tune	  
and	  a	  tune	  spread	  

Tune	  spread	  in	  collision	  fills	  the	  space	  
between	  damaging	  resonances	  

Qx,y	  

€ 

2
3

€ 

7
10

EmiLance	  blowup	  

Depolarizing	  ‘snake	  resonance’	  
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Beam-‐Beam	  Compensaaon	  with	  electron	  lenses	  

	  Equal	  and	  opposite	  force	  supplied	  by	  colliding	  
head	  on	  with	  10	  keV	  electron	  beam:	  cancels	  
one	  p-‐p	  interacaon	  

E-‐beam	  size	  matched	  to	  proton	  beam	  size	  at	  
locaaon	  of	  lens	  

	  6	  T	  solenoid	  fields	  avoid	  e-‐beam	  driven	  	  
stability	  

	  Requires	  la�ce	  modificaaon	  to	  prevent	  
driving	  resonances	  

14	  

p-‐p	  

p-‐p	  

e-‐p	  



	  	  e-‐p	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  p-‐Al	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  p-‐Al	  

Tune	  spread	  compensaaon	  with	  p-‐Al	  

15	  
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Beam-‐beam	  induced	  tune	  spread	  from	  Al	  
beam	  compensated	  by	  the	  e-‐lens	  

Horizontal	  Tune	  Spectra	   Veracal	  Tune	  Spectra	  

Plots	  courtesy	  X.Gu	  



Beam-‐beam	  compensaaon	  

Run	   ΔQbb/IP*	  

Run	  12	   0.006	  

Run	  15	  	  
	  (no	  e-‐lens)	  

0.008	  

Run	  15	  
	  (w/	  e-‐lens)	  

0.010	  

16	  

Typical	  E-‐lens	  operaaon	  

*	  Max	  achieved	  without	  emiLance	  blowup	  

Improvement	  without	  e-‐lens	  due	  
to	  improvements	  in	  la�ce	  
design,	  paracularly	  for	  off-‐
momentum	  paracles.	  



Luminosity	  with	  beam-‐beam	  compensaaon	  

Run	   Luminosity	  (avg,	  
relaHve	  to	  Run	  12)	  

12	  

15	  	  
	  (no	  e-‐lens)	  

+66%	  

15	  
	  (w/	  e-‐lens)	  

+91%	  
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Luminosity	  with	  beam-‐beam	  compensaaon	  

Run	   Luminosity	  (avg,	  
relaHve	  to	  Run	  12)	  

12	  

15	  	  
	  (no	  e-‐lens)	  

+66%	  

15	  
	  (w/	  e-‐lens)	  

+91%	  

18	  

Smaller	  emiLance	  



Overall	  RHIC	  Performance	  

Recent	  collider	  performance	  
increases	  largely	  from	  increase	  
in	  luminosity	  at	  fixed	  
polarizaaon.	  

2011-‐2013	  improvements	  
moderate	  

Intensity	  jump	  in	  2015	  when	  
electron	  lens	  allows	  RHIC	  to	  
accept	  the	  brighter	  injector	  
beam	  

19	  W.	  Fischer	  et	  al.	  Phys.	  Rev.	  LeL.	  115,	  264801	  



Plans	  for	  Run	  17	  
Spin	  resonance	  compensaaon	  in	  RHIC	  

Lose	  15-‐20%	  polarizaaon	  during	  
acceleraaon	  from	  100	  to	  255	  GeV	  

Three	  major	  intrinsic	  resonances	  are	  
too	  strong	  to	  be	  compensated	  directly	  
Single	  resonance	  model	  says	  two	  
snakes	  is	  enough	  

Resonance	  overlap	  (parametric	  
resonance)	  is	  a	  possible	  source	  of	  
depolarizaaon.	  

Can	  improve	  the	  transmission	  by	  
compensaang	  neighboring	  small	  
resonances.	  

V.	  Ranjbar,	  PR-‐ST	  AB18,	  014001	  (2015)	   20	  
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Plans	  for	  Run	  17	  
Further	  emiLance	  improvements	  in	  the	  injectors	  

• Space	  charge	  miagaaon	  in	  AGS	  
• 	  Lower	  RF	  harmonic,	  longer	  bunches	  
• 	  Add	  Booster-‐style	  dual	  harmonic	  scheme	  
• 	  Nonlinear	  stop-‐band	  correctors	  (recently	  
installed	  for	  Au)	  

• 	  AGS	  instrumentaaon	  
• 	  Commissioning	  RHIC-‐style	  ionizaaon	  
profile	  monitors	  in	  AGS	  
• 	  AGS	  base-‐band	  tune	  system	  

• 	  Fast	  tune	  measurements	  
• 	  Spectra	  of	  transverse	  moaon	  to	  
idenafy/eliminate	  external	  excitaaons	  
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Au	  Intensity	  (AGS	  injecaon	  energy)	  

Bunch	  merge	  

Stopband	  correcaon	  on	  
Stopband	  correcaon	  off	  



Plans	  for	  Run	  17	  
Further	  emiLance	  improvements	  in	  the	  injectors	  

AGS	  Veracal	  BBQ	  

AGS	  eIPM	  Profile	  
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• Space	  charge	  miagaaon	  in	  AGS	  
• 	  Lower	  RF	  harmonic,	  longer	  bunches	  
• 	  Add	  Booster-‐style	  dual	  harmonic	  scheme	  
• 	  Nonlinear	  stop-‐band	  correctors	  (recently	  
installed	  for	  Au)	  

• 	  AGS	  instrumentaaon	  
• 	  Commissioning	  RHIC-‐style	  ionizaaon	  
profile	  monitors	  in	  AGS	  
• 	  AGS	  base-‐band	  tune	  (BBQ)	  system	  

• 	  Fast	  tune	  measurements	  
• 	  Spectra	  of	  transverse	  moaon	  to	  
idenafy/eliminate	  external	  excitaaons	  



Summary	  
 	  Record	  polarized	  p-‐p	  luminosiaes	  have	  been	  aLained	  over	  the	  last	  few	  years	  

 	  Improvements	  over	  the	  last	  few	  years	  come	  from	  work	  done	  all	  over	  the	  complex,	  
source	  to	  collision	  

 First	  operaaon	  with	  asymmetric	  polarized	  proton	  on	  ion	  collisions	  

 Benefits	  come	  from	  both	  improved	  beam	  dynamics	  (emiLance)	  and	  direct	  efforts	  to	  
address	  depolarizaaon	  

 	  Run	  17	  will	  be	  the	  first	  255	  GeV	  since	  2012,	  so	  it	  will	  be	  the	  first	  to	  benefit	  from	  the	  
full	  effects	  of	  these	  upgrades	  

23	  



Backups	  



Proton-‐Ion	  Operaaons	  
Run	  Coordinator:	  Chuyu	  Liu	  

p-‐Au	  (and	  p-‐Al)	  operaaon	  
require	  moving	  DX	  magnets	  
to	  keep	  beams	  inside	  the	  
aperture.	  	  A	  first	  for	  RHIC	  
operaaon.	  

Several	  aperture	  restricaons	  
idenafied/removed	  before	  
the	  switch	  (ion	  pumps,	  STAR	  
pipe)	  

Physical	  move	  took	  ½	  day	  

Established	  collisions	  in	  ~	  1	  
week.	  

(plot	  courtesy	  of	  C.	  Liu)	  



Proton-‐Ion	  Operaaons:	  
Two	  Ramp	  Scheme	  

time 

Lorentz 
factor γ	


107.4 

25.4 

10.5 

injection Au 

injection p 

store Au (close to γtr) 

acceleration Au (cross transition) 

acceleration p, Au 

collision p+Au 
maintains same frev for both beams 


