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each during the 2010. The machine was operated in
coasting mode with one single bunch that at the start
of the fill contained about 1011 protons. One crystal at
a time was set in such position such that it became the
primary collimator and after that measurements could be
performed whichincluded the angular scan of the crystal
and scans withvarious absorbers. In stationary condition
protons from the beam halo are diffusing into the edge
of the crystal with a rate such that around 100 protons
are reaching the crystal at every turn (23 µs) within the
bunch time length (3 ns). This time structure of the halo
protons is reproduced in the signals seen by the various
detectors.

A. Crystals

FIG. 3. Cr1 strip crystal in CERN tank

FIG. 4. Cr3 quasimosaic crystal in IHEP tank

The strip-like crystal Cr1 (Fig.3 ) as well as Cr4 has
dimensions 0.5x70 x2 mm3 (width x height x thick-

ness). They fabricated at INFN Ferrara through micro-
machining techniques with the (110) planes parallel to
the largest surfaces16. A primary curvature is imparted
to bend the strip crystal achieved by the holder design,
which result in a secondary curvature due to anticlas-
tic deformation. This secondary deformation is used to
steer incoming particles along the 2 mm size. Usage of
anticlastic deformation enables to attain a highly uni-
form bending and to set the metallic components of the
holder far from centre of the crystal and in turn far from
the beam. The crystal Cr1 has been largely used for
channeling and volume reflection studies17 by the UA9
collaboration and top performed in efficiency (83%) with
a low-divergence beam. Bending angle of Cr1 crystal
have been characterized by means of white light inter-
ferometry (Veeco NT1100) and resulted to be 150 µrad,
while miscut angle have been measured by means of a
Panalytical high resolution X-ray diffractometer and re-
sulted to be about 150 µrad. Over a thickness of 2 mm
a miscut angle of 100 µrad generates a region of reduced
channeling efficiency as wide as 0.2 µm. For Cr4, the
holder has been equipped with a mechanical system to
compensate for torsion in the strip crystal thanks to a
feedback method during the standard stage of quality
check of the crystal at fixed-target experimental area18.
Crystal miscut resulted to be 200±20 µrad. Both crystal
torsion and bending angle (176 µrad) have been measured
through deflection under planar channeling regime of a
400 GeV protons beam, available at SPS-H8 line. Crys-
tal torsion, arising as a consequence of holder mechanical
imperfections, has been reduced to 0.6 µrad/mm.
The quasi-mosaic crystals Cr2 and Cr3 (shown in

Fig.4) have been fabricated by Petersburg Nuclear
Physics Institute (PNPI). The crystals are deeply pol-
ished with submicron abrasive and slow etching: this
yields a perfect plane crystalline surface covered by sev-
eral fine grooves. They have a larger transverse sec-
tion than strip crystals but similar thickness in the di-
rection parallel to the beam ( 18x 15 x 1.6 mm3 and
30.5x57.5x2.10mm3, respectively). Their bending angles
are measured with optical systems to be 150 and 165
µrad and their miscut angles are 43 µrad and 92 µrad
respectively. They are installed in rigid holder frames
that leave only a fraction of their transverse section to
be exposed to the beam ( 2x10 mm2 and 20x40mm2 re-
spectively). Torsional effects induced by the holders have
been measured with optical system to be in the range 2-
5 µrad/mm depending on the vertical position on the
crystals.

B. Goniometers

In the primary vacuum of CERN tank at ”TEC 51795”
two high precision goniometers are installed. They allow
a linear movement perpendicular to the beam in order to
insert the crystals into the beam and they generate a ro-
tation in the horizontal plane. Crystals Cr1 and Cr2 are
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Introduction	


Aim  of  the  studies  presented:	


From  2009  UA9  is  taking  data  in  the  SPS  demonstrating  that  collimation  of  proton  and  lead  ion  beams	

  can  be  reliably  obtained.	


In  September  2011,  a  leGer  of  intents  was  presented  to  the  LHCC,  asking  to  extend  UA9  to  the  LHC:	

ü  new  experiment  (  LUA9  )  recommended  by  the  LHCC  and  accepted  by  the  accelerator  directorate	


Goals:	

•  demonstrate  the  extraction  of  the  beam  halo  in  the  LHC	

•  measure  the  possible  improvements  with  respect  to  standard  collimation	


Propose  and  validate  the  position  for  the  installation  during  the  LS1	


Set  up  appropriate  simulation  tools  (reproduce  the  past  results)	


Comparative  assessment  of  different  layouts  by  detailed  tracking  simulations,  	

in  relation  with  the  plans  for  the  first  tests  wanted  to  be  done  	
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Figure 4.2: Layout of the phase 1 collimation system for the two beams (not in scale).

Possible  scenarios	

  	

Taken  into  account  various  positions,  based  on:	

•  space  availability	

•  optics  considerations	

•  SixTrack  simulations	


H/V	


H	


H	


V	


Different  scenarios  are  under  investigation:	

Ø  Horizontal  &  Vertical  planes	

Ø  450  GeV  &  7  TeV	

Ø  Full  collimation  chain  in  place  with  crystal  as  primary	

Ø  Crystal  as  primary  and  only  one  TCSG	


Possible  preliminary  tests  after  LS1:	

§  low  intensity  (pilot  bunch)	

§  inj.  and  top  energy	

§  full  collimation  chain  in  place  	

then…	

§  higher  intensity  (still  within  safe  boundaries)	

§  possibility  “to  play”  with  the  TCSG  seGings	


Considered  possible  installation  only  in  the  IP7,  B1.  	
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Tools	

Study  based  on  Semi-­‐‑analytical  Models  and  full  SixTrack  simulations	


Calculated  the  trajectory  of  the  channeled  beam  for  any  available  position  of  the  crystals  :	


xs =
�

βs

βCr
cos (∆φ)xCr +Θ

√
βsβCr sin (∆φ)

1

Calculate  the  displacement  at  every  secondary  given  by  a  kick  of  40µμrad  at  the  Crystal	

and  its  aperture  has  been  set	


First  selection  of  the  layouts  that  give  beGer  impact  parameters  on  the  secondary  collimator  at  any  energy  	


Then:	


Full  SixTrack  simulations  with  complete  layout  and  geometry  implemented  for  the  choose  subset	


Simulations  based  on  the  SixTrack  version  modified  by  Valentina  Previtali  	

with  the  insertion  of  the  crystal  routine.	




Design  concept  	

“Ideal”  position:	

ü  α  ~  0	

	

	

ü  D  ~  0	


ü  ~90°ΔΦ  w.r.t.  secondary  collimator	


alignment  independent  of  beam  energy!	


Energy  [GeV]	
 θc  [µμrad]	


450	
 9.42	


7000	
 2.39	


possible  reduction  of  b  (imp.  par.)	


Other  “constraints”  taken  into  account:	

Ø  Crystals  close  to  the  “primary’s  area”  (full  chain  of  secondary  collimators  available  downstream)	

Ø  Absorption  of  channeled  beam  sufficiently  upstream  from  cold  magnets	

Ø  space  availability  along  the  channeled  beam  path  for  its    detection  and  measurements,  with  a  possible  

dedicated  detector  (feasibility  studies  are  ongoing).	


Example  of  check  w.r.t.  	

geometrical  apertures:	


beam  envelop	

kicked  particle  traj.	


Hor.  aperture	

Available  TCSG  &  TCLA	


(see  next  slides…)	

	


only  linear  movement  needed  during  the  ramp	




450  GeV	
7  TeV	


Candidate  locations  in  IR7	

Reported  the  two  “more  significant”  cases  (horizontal):	


ü  right  after  the  present  primaries  at  TCP.A6L7.B1  location    	


  x  projection  of  the  Available  TCSG  &  TCLA	


7  TeV	
 450  GeV	


ü  between  the  TCSG.D4L7.B1  &  TCSG.B4L7.B1    	


beam  envelop  from  6σ  to  26σ,  1σ  steps	

kicked  particle  traj.  from  0µμrad  to  80µμrad,  5µμrad  steps  	


Main  difference:  (1)  may  needed  to  change  TCSG  btw  inj.  and  top  energy,  (2)  no  change  &  early  abs.	


(1)	


(2)	




Outline	

•  Introduction 
•  Possible scenarios 
•  Tools 
•  Semi-analytical studies 
•  Full simulation studies 
•  Conclusions 



Simulations	

After  a  first  selection  choose  the  following  position:  	


2  for  the  Horizontal  plane  è  @  TPC.A6L7	

	
 	
                                @  between  TCSG.D4L7  &  TCSG.B4L7	


	

            2  for  the  Vertical  plane  è  @  right  after  TPC.A6L7	

           	
 	
                                @  between  TCSG.A6L7  &  TCSG.B5L7	

    	


Reported  result  only  for  the  horizontal  cases,  still  some  debug  needed  in  case  of  the  vertical	


For  every  position  made  comparative  studies  between:	

	

•  Standard  collimation  system	

•  For  crystal  in  channeling  and  amorphous  conditions:	


§  using  only  one  secondary  collimator  to  absorb  the  channeled  beam	

§  using  the  full  chain  of  secondary  collimator  downstream  the  crystal  in  place	


•  Injection  and  Top  Energy  (450GeV  and  7TeV  respectively)	

	




Preliminary  checks  comparing  simulations  and  experimental  data  from  UA9  in  the  SPS	

Key  parameter  in  case  of  crystal  collimation  simulations:  Impact  Parameter	


Theoretical  deflection  expected  (for  crystal  in  the  SPS  at  270  GeV):	

•  170.0  ±  7.3  µμrad  	
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From  test  beam	


Generated  halo	


Kick  got  at  the  
first  hit  on  
crystal	


crystal  edge	

(“example  of  extreme  	


situations”)	


first  hit  c
hanneling

  efficiency
  strongly

  dependen
t	


Used  the  distribution  that  gives  the  closer  results  to  experimental  data	


Crystal  simulation  set  up	




selected profile
Constant  46± 2.444e+04 
Mean      0.0± 213.5 
Sigma     0.04± 11.67 

pixel number
0 50 100 150 200 250

co
un

ts

0

5000

10000

15000

20000

25000

selected profile
Constant  46± 2.444e+04 
Mean      0.0± 213.5 
Sigma     0.04± 11.67 

Reproduced  the  spot  of  the  extracted  beam  on  the  Medipix  (pixel  detector  in  the  UA9  layout)	


Theoretical  position  expected  of  the  extracted  halo:	

•  8.4  mm  and  full  spot  width  ~700µμm	


Very  good  agreement  with  the  simulation!	


Profile  of  the  extracted  halo  on  the  Medipix:	

•  full  spot  width  ~12  pixel  *  55µμm  è  ~600µμm    	


Tested  many  initial  distributions  impacting  on  the  crystal,  changing  the  crystal  portion  used:	

Ø  spot  at  Medipix  unchanged  and  always  compatible  with  the  width  given  by  the  angular  spread  of  the  

channeled  particles  (θc)  	


Estimation  of  the  beam  spot  on  the  absorber  possible  using  only  optic  calculations	


Depending  on  the  position  of  the  primary  and  the  secondary  used,  full  spot  width  from  
~300µμm  up  to  ~1.5mm  è  Crucial  estimation  for  the  absorber  robustness	


beam
  core	


chann
eled  b

eam	


Preliminary  validation  with  SPS  data	


Simulation	
 Experimental  data	




Crystal  in  amorphous  orientation:	

Ø  CRY.A6L7.B1  @  6σ	

Ø  TCSG.6R7.B1  @  7σ	

Ø  TCT*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Crystal  in  channeling  orientation:	

Ø  CRY.A6L7.B1  @  6σ	

Ø  TCSG.6R7.B1  @  7σ	

Ø  TCT*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Full  collimations  system  in  place:	

Ø  TCP.*  @  6σ	

Ø  TCSG.*  @  7σ	

Ø  TCT*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Reported  simulations  (only  IR7)  in  the  case  of:	

ü  7  TeV  (55cm  β*)	

ü  Horizontal  plane	

ü  ~1.3  106  particles  tracked	

ü  Number  of  turns  dependent  on  the  system  (from  300  for  std.  coll.,  up  to  5000  for  cry.  in  am.)	


Comparison  between  full  simulations  of  different  collimation  processes  @  7TeV	


Case  of  Crystal  @  TCP.A6L7.B1  	


LHC  Simulations	




Comparison  between  full  simulations  of  different  collimation  processes  @  7TeV	


Case  of  Crystal  between  the  TCSG.D4L7.B1  &  TCSG.B4L7.B1	

changing  the  TCSG  used  to  abs.  the  extracted  halo	


Crystal  in  channeling  orientation:	

Ø  CRY.B1  @  6σ	

Ø  TCSG.B4L7.B1  @  7σ	

Ø  TCT.*  @  8.3σ	

Ø  TCLA.*  @  10σ	
 Crystal  in  channeling  orientation:	


Ø  CRY.B1  @  6σ	

Ø  TCSG.*  @  7σ	

Ø  TCT.*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Crystal  in  channeling  orientation:	

Ø  CRY.B1  @  6σ	

Ø  TCSG.6R7.B1  @  7σ	

Ø  TCT.*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Same  simulations  “boundary  conditions”  as  in  the  previous  slide.	


Having  the  previous  plots  in  mind,  in  this  case:	

ü  same  level  of  losses  at  the  disp.  supp.  using  only  1  TCSG,  w.r.t.  “standard  collimation”	

ü  achieved  also  here  a  factor  10  beGer  in  the  losses  at  the  disp.  supp.  using  the  full  TCSG  chain  closed!	


LHC  Simulations	




Crystal  in  channeling  orientation:	

Ø  CRY.A6L7.B1  @  6σ	

Ø  TCSG.*  @  7σ	

Ø  TCT.*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Crystal  in  channeling  orientation:	

Ø  CRY.B1  @  6σ  (D4L7<Cry<B4L7)	

Ø  TCSG.*  @  7σ	

Ø  TCT.*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Full  collimations  system  in  place:	

Ø  TCP.*  @  6σ	

Ø  TCSG.*  @  7σ	

Ø  TCT.*  @  8.3σ	

Ø  TCLA.*  @  10σ	


Comparison  between  full  simulations  of  different  collimation  processes  @  450GeV	

Almost  same  beam  losses  using  different  TCSG  configurations:	


reported  only  the  cases  with  full  chain  in  place,  slightly  beGer  for  the  losses  all  around  the  LHC  (and  not  only  IP7)	


Considerations  about  cleaning  inefficiency  :	

ü  worse  in  case  of  crystal  @  A6L7  w.r.t.  standard  collimation	

ü  similar  in  case  of  crystal  btw  D4L7  and  B4L7  (maybe  needed  more  statistics)	

ü  much  harder  to  set  the  right  impact  parameter  w.r.t.  the  7TeV  case,  maybe  possible  some  improvements	


LHC  Simulations	
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Conclusions	


Reported  only  results  for  the  horizontal  plane,  soon  results  also  for  the  vertical  case.	


Shown  “the  main”  theoretical  background  needed  to  run  simulations  for  crystal  collimation,	

then  checked  with  the  experimental  data,  and  applied  to  extrapolate  key  parameters  	


(i.e.  b,  and  beam  spot  on  the  absorber)	


Reasonable  scenarios  for  the  first  tests  after  the  LS1:	


If  crystal  installed  at  TCP.A6L7.B1:	

•  even  with  perfect  crystal  channeling,  hard  to  see  any  improvements  at  450GeV  for  p  beams	

•  instead  very  good  performance  at  7TeV:	


•  get  a  factor  10  beGer  in  cleaning  inefficiency  with  the  crystal  and  only  one  secondary  in  
place	


If  crystal  installed  between  TCSG.D4L7  and  TCSG.B4L7:	

•  possible  to  see  improvements  also  at  450GeV  with  full  TCSG  chain  closed	

•  possible  to  test  the  system  performance  and  improvements  also  during  the  energy  ramp  

(already  demonstrated  that  crystals  well  follow  the  beam  envelop  remaining  in  “extraction  
mode”)	


•  to  get  a  factor  10  beGer  in  cleaning  inefficiency  @  7TeV  needed  to  keep  the  TCSG  chain  
downstream  the  crystal  closed	


huge  gain  also  in  impedance,  but  possible  improvements  visible  only  at  7TeV	


impedance  unchanged,  possible  improvements  visible  at  any  energy  and  more  safe  procedure  	



