
	
  A	
  Crystal	
  Rou-ne	
  for	
  Collima-on	
  Studies	
  
in	
  Circular	
  Proton	
  Accelerators	
  

D.	
  Mirarchi,	
  S.	
  Redaelli,	
  W.	
  Scandale	
  

The	
  6th	
  Interna-onal	
  Conference	
  -­‐	
  Channeling	
  2014	
  
Charged	
  &	
  Neutral	
  Par-cles	
  Channeling	
  Phenomena	
  

October	
  10th,	
  2014	
  Capri	
  (Naples)	
  Italy	
  

	
  Acknowledgments:	
  	
  
V.	
  Previtali,	
  R.	
  Rossi,	
  A.	
  M.	
  Tara?n,	
  I.	
  Yazynin	
  	
  



Daniele	
  Mirarchi,	
  2014	
  October	
  10th,	
  
Channeling	
  2014	
   2	
  

ü  Introduc?on	
  
Ø  Mo?va?ons	
  
Ø  Crystal	
  Rou?ne	
  
Ø  Treatment	
  of	
  coherent	
  process	
  

ü  Benchmarking	
  with	
  experimental	
  data	
  at	
  400	
  GeV	
  
Ø  Deflec?ons	
  
Ø  Global	
  comparison	
  
Ø  Transi?ons	
  
Ø  Nuclear	
  interac?ons	
  rate	
  

ü  Examples	
  of	
  what	
  expected	
  at	
  7	
  TeV	
  
Ø  Deflec?ons	
  &	
  efficiency	
  
Ø  Energy	
  loss	
  
Ø  Expected	
  beam	
  loss	
  paWern	
  in	
  the	
  LHC	
  

ü  Conclusion	
  

Outline	
  



Daniele	
  Mirarchi,	
  2014	
  October	
  10th,	
  
Channeling	
  2014	
   3	
  

Introduc-on	
  

Outline	
  



Daniele	
  Mirarchi,	
  2014	
  October	
  10th,	
  
Channeling	
  2014	
   4	
  

Experience	
  in	
  other	
  machines	
  shows	
  that	
  understanding	
  of	
  crystal	
  collima7on	
  requires,	
  	
  
in	
  addi7on	
  to	
  a	
  good	
  modelling	
  of	
  crystals,	
  full	
  simula7on	
  of	
  the	
  accelerator	
  	
  

(mul7-­‐turn	
  tracking,	
  collimators,	
  aperture,	
  ...)	
  

Main	
  tool	
  used:	
  

Main	
  requirements	
  for	
  such	
  simula7ons:	
  

10-­‐20M	
  par*cles	
  tracked	
  for	
  200/2000	
  turns,	
  depending	
  on	
  crystal	
  orienta*on	
  

Ø  Good	
  descrip?on	
  of	
  nuclear	
  events	
  “dangerous”	
  for	
  the	
  cleaning	
  performance	
  	
  
of	
  collima?on	
  systems	
  	
  	
  

predic*on	
  of	
  expected	
  beam	
  loss	
  pa>ern	
  

ü  Collima?on	
  version	
  of	
  SixTrack	
  coupled	
  with	
  aperture	
  model	
  of	
  the	
  machine	
  

Ø  Accurate	
  and	
  very	
  fast	
  rou?nes	
  due	
  to	
  the	
  high-­‐sta?s?cs	
  needed	
  

Basic	
  limita*on	
  at	
  the	
  LHC:	
  	
  
par*cles	
  that	
  lose	
  energy	
  at	
  the	
  primary	
  stage	
  and	
  lost	
  in	
  the	
  dispersion	
  suppressor	
  

Mo-va-ons	
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Crystal	
  rou*ne	
  originally	
  wri>en	
  by	
  I.	
  Yazinin,	
  and	
  implemented	
  in	
  SixTrack	
  by	
  V.	
  Previtali	
  

Crystal	
  rou-ne	
  

Pure	
  Monte	
  Carlo	
  emulator	
  of	
  various	
  interac*ons	
  

no	
  solving	
  of	
  eq.	
  of	
  mo7on	
  

fast	
  high-­‐sta7s7cs	
  simula7ons	
  
“All”	
  physics	
  process	
  known	
  in	
  bent	
  crystals	
  	
  

well	
  described	
  in	
  literature	
  
Free	
  parameters	
  were	
  tuned	
  on	
  experimental	
  data	
  

taken	
  on	
  the	
  CERN-­‐SPS	
  extrac?on	
  line	
  H8	
  	
  
in	
  the	
  framework	
  of	
  the	
  H8RD22	
  Collabora?on	
  	
  

Mainly	
  composed	
  of	
  two	
  blocks:	
  
•  Treatment	
  of	
  coherent	
  process	
  in	
  bent	
  crystals	
  
•  ScaNering	
  rou-ne	
  for	
  nuclear	
  point-­‐like	
  interac?ons	
  
The	
  sca>ering	
  rou*ne	
  is	
  called:	
  
•  Each	
  ?me	
  a	
  proton	
  is	
  out	
  of	
  any	
  coherent	
  process	
  
•  When	
  protons	
  are	
  trapped	
  in	
  between	
  planes,	
  but	
  with	
  cross	
  sec?ons	
  rescaled	
  on	
  the	
  

average	
  nuclear	
  density	
  seen	
  	
  
Solid	
  rou*ne	
  used	
  to	
  design	
  the	
  present	
  LHC	
  Collima*on	
  system,	
  constantly	
  benchmarked	
  and	
  
upgraded,	
  described	
  in:	
  C.	
  Tambasco,	
  CERN-­‐THESIS-­‐2014-­‐014	
  

An	
  overview	
  on	
  the	
  physics	
  and	
  benchmarking	
  of	
  the	
  coherent	
  part	
  is	
  given	
  in	
  the	
  next	
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Treatment	
  of	
  coherent	
  process	
  	
  
Input:	
  crystal	
  length	
  and	
  bending	
  radius,	
  x,	
  x’	
  and	
  energy	
  of	
  the	
  impinging	
  proton	
  

Are	
  then	
  es-mated	
  as	
  first:	
  θcs,	
  θcb,	
  Rc	
  based	
  on	
  theore?cal	
  approach	
  given	
  in	
  [1]	
  

Together	
  with:	
  PVC	
  ,	
  θVR	
  ,	
  σVR	
  based	
  on	
  theore?cal	
  approach	
  given	
  in	
  [2,	
  3,	
  4] 	
  	
  

•  Characteris?c	
  electronic	
  dechanneling	
  length	
  given	
  by	
  theory	
  in	
  [1]	
  
•  10%	
  of	
  captured	
  par?cles	
  is	
  assumed	
  undergoing	
  nuclear	
  dechanneling	
  (aTF/dp~0.1).	
  

Characteris?c	
  length	
  is	
  extrapolated	
  by	
  fine	
  tuning	
  w.r.t.	
  [5]	
  

Dechanneling	
  process	
  treated	
  as	
  exponen?al	
  decay	
  of	
  trapped	
  par?cles:	
  

•  Obtained	
  through	
  parametric	
  study	
  with	
  respect	
  to	
  what	
  achieved	
  with	
  analy?cal	
  codes	
  	
  

Probability	
  to	
  get	
  trapped	
  in	
  between	
  crystalline	
  planes	
  given	
  by:	
  

1.3 Experimental results

1.4 Single pass benchmarking

1.4.1 Extrapolations to LHC energy

Eout = Ein

✓
1� exp (Rnd() log(0.15s))

s

◆
�p

p
⇠ 10�6 �p

p
⇠ 10�2 (1.1)

✓sc , ✓
b
c, Rc, PV C (1.2)

PCH =

q
✓bc

2 � ✓2in

✓sc
(1.3)

[mb]

6

[1]	
  V.M.	
  Biryukov,	
  Y.A.	
  Chesnokov,	
  V.I.	
  Kotov.,	
  ``Crystal	
  channeling	
  and	
  its	
  applica?on	
  at	
  	
  high	
  
energy	
  accelerators",	
  Springer,	
  1996.	
  
[2]	
  W.	
  Scandale	
  et.	
  al.,	
  PRL	
  101,	
  234801	
  (2008)	
  
[3]	
  A.	
  M.	
  Tara?n	
  and	
  W.	
  Scandale,	
  NIM	
  B	
  262	
  (2007)	
  340-­‐347	
  
[4]	
  Yu.	
  A.	
  Chesnokov,	
  V.	
  A.	
  Maisheev	
  and	
  I.	
  A.	
  Yazyninn,	
  arXiv:0808.1486v1	
  	
  
[5]	
  W.	
  Scandale	
  et.	
  al.,	
  PLB	
  680	
  (2009)	
  129-­‐132	
  

Crystal	
  imperfec-ons	
  that	
  can	
  be	
  taken	
  into	
  account:	
  miscut	
  angle,	
  amorphous	
  layer	
  

Coherent	
  process	
  implemented:	
  CH,	
  DC,	
  VC,	
  VR,	
  DC	
  aYer	
  VC	
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Benchmarking	
  with	
  experimental	
  data	
  	
  
at	
  400	
  GeV	
  

Outline	
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Simulated	
  deflec?on	
  as	
  func?on	
  of	
  the	
  incoming	
  angle	
  at	
  400	
  GeV,	
  	
  

Analysis	
  performed	
  with	
  same	
  tools	
  for	
  simulated	
  and	
  experimental	
  data,	
  	
  
used	
  and	
  developed	
  in	
  collabora*on	
  with	
  R.	
  Rossi.	
  

for	
  silicon	
  crystal	
  2mm	
  long	
  and	
  ~144μrad	
  bent,	
  using	
  gaussian	
  beam	
  with	
  σx=1mm,	
  σx’=10μrad	
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Angular	
  cut	
  ±10μrad,	
  similar	
  results	
  with	
  ±5μrad	
  but	
  more	
  prominent	
  effects	
  of	
  resolu*on	
  	
  
Very	
  good	
  overall	
  agreement	
  between	
  experimental	
  and	
  simulated	
  data!	
  

Global	
  comparison	
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Analysis	
  performed	
  with	
  same	
  tools	
  for	
  simulated	
  and	
  experimental	
  data,	
  	
  
used	
  and	
  developed	
  in	
  collabora*on	
  with	
  R.	
  Rossi.	
  

Simulated	
  deflec?on	
  as	
  func?on	
  of	
  the	
  incoming	
  angle	
  at	
  400	
  GeV,	
  	
  
for	
  silicon	
  crystal	
  2mm	
  long	
  and	
  ~144μrad	
  bent,	
  using	
  gaussian	
  beam	
  with	
  σx=1mm,	
  σx’=10μrad	
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  incoming	
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  400	
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  silicon	
  crystal	
  2mm	
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  and	
  ~144μrad	
  bent,	
  using	
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  beam	
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Comparison	
  made	
  w.r.t:	
  W.	
  Scandale	
  et	
  al.,	
  “Probability	
  of	
  inelas?c	
  nuclear	
  	
  
interac?ons	
  of	
  high-­‐energy	
  protons	
  in	
  a	
  bent	
  crystal”,	
  NIMB	
  268	
  (2010)	
  

Measurement	
  

Occurrence	
  of	
  nuclear	
  interac?ons	
  for	
  channeled	
  protons	
  is	
  now	
  taken	
  into	
  account	
  	
  
by	
  using	
  cross	
  sec?ons	
  rescaled	
  by	
  the	
  average	
  nuclear	
  density	
  seen	
  

P.D.G.	
  app.	
  
σ	
  =	
  0.430	
  b	
  

 

Figure 1: Schematic layout of the experiment. 

A 70�1.94�0.5 mm3 silicon strip crystal with the 

largest faces parallel to the (110) crystallographic planes 

is bent along its length and placed vertically, so that the 

anticlastic bending induced along the crystal width is used 

to deflect particles in the horizontal plane (see Fig. 2b. in 

Ref [2]) A high precision goniometer is used to orient the 

(110) crystal planes parallel to the beam direction. The 

optimal crystal orientation is the one corresponding to the 

maximum of the deflected beam fraction. 

THE EXPERIMENT 

The measured RMS divergence of the incident beam 

�x=(13.368±0.003) �rad is larger than the critical 

channeling angle �c�10 �rad. However, the off-line 

analysis with less divergent beams has been performed by 

selecting the incident particles in a limited range of 

incident angles |�xo|<�cut. 

The probability of inelastic nuclear interactions 

Pin=(FinVFin(BG))/F12 where the experimental background 

is subtracted  and the coincidence rate F12 estimated by 

simulations is taken into account. The experimental 

background is about 0.15%.  

Fig.2 shows how the nuclear interaction probability 

depends on �cut for amorphous orientation (1), volume 

reflection (2) and channeling (3). Curve (4) is obtained 

for the same conditions as (3) by simulation using the 

model [3]. The probability (2) for a situation of 

symmetric volume reflection when the tangency point is 

in the middle of the crystal length is 3-4% larger than for 

amorphous orientation (1). The probability for the aligned 

crystal (3) shows a strong dependence on �cut. For the 

smallest angular width of the incident beam, the 

probability is more than 3.5 times smaller than in 

amorphous orientation. The discrepancy of the 

dependences (3) and (4) for small values of �cut is due to 

small angular imperfections of the goniometer and of the 

crystal shape, which become less effective for large 

values of �cut when the angular size of the incident beam 

is larger than the angular imperfections.  

 

Figure 2: Probability of nuclear interaction: in 

amorphous orientation (1), in volume reflection (2), in 

channelling (3) and simulation for channelling (4). 

The measurements have shown that the probability 

of inelastic nuclear interactions of high-energy protons in 

the aligned crystal is significantly smaller than for its 

amorphous orientation. The probability decreases with 

decreasing the angular width of the incident beam that is 

with increasing the number of particles captured into the 

channeling states. This occurs because channeled protons 

move through the crystal far from the crystallographic 

planes where the atomic nuclei are concentrated.  

In the limiting case with a quasi-parallel beam, 

which should be realized in a collider beam halo, the 

deflection efficiency can approach 85%. Therefore, the 

probability of inelastic nuclear interactions of the beam 

halo protons in a perfectly aligned crystal should decrease 

more than five times. This is an additional advantage of 

the crystal primary collimator in comparison with the 

ordinary amorphous one. 
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Parametric	
  comparisons	
  made	
  with	
  respect	
  to	
  Tara*n’s	
  code	
  at	
  7	
  TeV	
  for	
  studies	
  related	
  	
  
to	
  the	
  choice	
  of	
  crystals	
  installed	
  in	
  the	
  LHC	
  in	
  April	
  2014	
  

Dashed	
  line:	
  Fully	
  analy-cal	
  crystal	
  simulator	
  
Solid	
  line:	
  Crystal	
  emulator	
  in	
  SixTrack	
  	
  	
  

7	
  TeV	
  beam	
  with	
  a	
  uniform	
  distribu-on	
  ±1	
  μrad.	
  
Trend	
  of	
  CH	
  &	
  VR	
  efficiency	
  are	
  compared.	
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1.3 Experimental results

1.4 Single pass benchmarking

1.4.1 Extrapolations to LHC energy
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Figure 5.8. Elastic, inelastic and total cross sections from TOTEM Collaboration [34].

b(s). In the previous scattering routine was used a parametrization extrapolated
from several accelerator experimental data (ISR at CERN, TEVATRON at Fermilab,
RHIC at BNL) for energies up to

Ô
s = 200 GeV. A new parametrization has

been implemented to extrapolate more accurately the slope parameter value up to
LHC energies. Fig.5.9 shows the elastic proton-proton slope factors from several
collaboration data at di�erent center of mass energies[35] including the recent
data from TOTEM at

Ô
s=7 TeV. The dashed blue line represents the fit used

in the previous SixTrack version, the black solid line is the new parametrization
implemented:

b
pp

= 7.16 + 1.44 ln
Ô

s. (5.16)

At the LHC center of mass energy
Ô

s = 114.6 GeV, the relative di�erence between
the previous and the current fit is ≥ 2.5%, this value increases with the center
of mass energy leading to a more realistic description of the proton-proton elastic
scattering for proton beams of higher energy.

Single di�ractive scattering

The single di�ractive scattering (SD) is a low momentum transfer interaction where
one of the protons is coherently excited into a high mass state M without quantum
number exchange. This process is dominant within a range of excited masses M :

M2
0 < M2 < 0.15 s (5.17)

where the lower bound is M0 = (m
p

+ m
fi

) ¥ 1 GeV/c2 and 0.15 s is the coherence
limit above which the SD scattering does not occur anymore. The di�erential cross
section can be parametrized, considering the range of 1 Æ M2 Æ 0.15 s, by the

Dominant	
  process	
  in	
  the	
  range	
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Figure 5.9. The slope parameter for pp and pp̄ elastic scattering. Data from di�erent
collaboration including the recent TOTEM measurement [34].

following expression [36]:

d‡2

dtdM2 = Ab(M)e≠b(M)

M2 (5.18)

where b(M) is the slope factor and the constant A = 0.68 mb. Outside this range
the cross section is approximately zero.
A new model for the total single di�ractive cross section has been considered to
update the previous one based on the standard Pomeron flux [36]. The measurement
of the pp̄ single di�raction dissociation cross section at the Spp̄S Collider [37] and
at Tevatron [38, 39] led to a phenomenological renormalization scheme for the
hadronic di�raction [40]. The new model unitarizes the Pomeron flux factor in
the triple-Pomeron amplitude preserving the M2 and t dependence. Fig.5.10 shows
the total pp and pp̄ single di�ractive cross sections data for › < 0.05 compared to
the predictions based on the standard and renormalized pomeron flux (from [40]).
The quantity › ¥ M2/s is the incident proton momentum fraction carried by the
Pomeron. Fig.5.11 shows the triple-Pomeron Feynman diagram for single di�raction
where g(t) is the triple-Pomeron (PPP)coupling.
Above

Ô
s = 22 GeV, where the pomeron flux factor integral becomes unitary, a

linear logarithmic expression has been used in the range 22 <
Ô

s < 10000 GeV to
obtain the following parameterization for the total single di�ractive cross section (in
mb):

‡SD

pp

(s) = 4.3 + 0.3 ln s. (5.19)

The single di�ractive cross section value extrapolated at LHC energies is predicted
by ‡pp̄

sd

|
›<0.05 = 7.15 mb at

Ô
s = 114.6 GeV for a 7 TeV incident proton on a rest

target.
The slope parameter b cannot be precisely predicted hence an approximated fit,
adjusted on measured data, is used:

1.3 Experimental results

1.4 Single pass benchmarking

1.4.1 Extrapolations to LHC energy
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Figure 5.8. Elastic, inelastic and total cross sections from TOTEM Collaboration [34].

b(s). In the previous scattering routine was used a parametrization extrapolated
from several accelerator experimental data (ISR at CERN, TEVATRON at Fermilab,
RHIC at BNL) for energies up to

Ô
s = 200 GeV. A new parametrization has

been implemented to extrapolate more accurately the slope parameter value up to
LHC energies. Fig.5.9 shows the elastic proton-proton slope factors from several
collaboration data at di�erent center of mass energies[35] including the recent
data from TOTEM at

Ô
s=7 TeV. The dashed blue line represents the fit used

in the previous SixTrack version, the black solid line is the new parametrization
implemented:

b
pp

= 7.16 + 1.44 ln
Ô

s. (5.16)

At the LHC center of mass energy
Ô

s = 114.6 GeV, the relative di�erence between
the previous and the current fit is ≥ 2.5%, this value increases with the center
of mass energy leading to a more realistic description of the proton-proton elastic
scattering for proton beams of higher energy.

Single di�ractive scattering

The single di�ractive scattering (SD) is a low momentum transfer interaction where
one of the protons is coherently excited into a high mass state M without quantum
number exchange. This process is dominant within a range of excited masses M :

M2
0 < M2 < 0.15 s (5.17)

where the lower bound is M0 = (m
p

+ m
fi

) ¥ 1 GeV/c2 and 0.15 s is the coherence
limit above which the SD scattering does not occur anymore. The di�erential cross
section can be parametrized, considering the range of 1 Æ M2 Æ 0.15 s, by the
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Conclusions	
  
Recent	
  code	
  development	
  focused	
  on	
  improving	
  aspects	
  relevant	
  for	
  the	
  LHC	
  case,	
  addressing:	
  	
  

ü  Channeling,	
  dechanneling,	
  volume	
  reflec?on	
  and	
  volume	
  capture	
  models	
  
ü  Topology,	
  energy	
  loss,	
  rate	
  of	
  nuclear	
  point-­‐like	
  interac?ons	
  with	
  very	
  low	
  probability	
  
ü  Scaling	
  with	
  energy	
  of	
  any	
  interac?on	
  implemented	
  

	
  

Making	
  us	
  confident	
  that	
  this	
  tool	
  is	
  adequate	
  for	
  predic7ons	
  of	
  	
  
crystal	
  collima7on	
  performance	
  in	
  LHC	
  	
  

This	
  simula*on	
  setup	
  provides	
  to	
  date	
  the	
  only	
  way	
  to	
  simulate	
  loss	
  maps	
  around	
  the	
  ring	
  of	
  
complex	
  machines	
  like	
  the	
  SPS	
  and	
  the	
  LHC,	
  taking	
  into	
  account:	
  

Ø  Proton-­‐crystal	
  interac?ons	
  
Ø  Complete	
  collima?on	
  layouts	
  
Ø  Aperture	
  models	
  and	
  accurate	
  6D	
  par?cle	
  tracking	
  

Single	
  pass	
  benchmarking	
  performed	
  with	
  respect	
  to:	
  
•  Experimental	
  data	
  at	
  400	
  GeV	
  taken	
  on	
  the	
  H8-­‐SPS	
  extrac?on	
  line	
  in	
  the	
  framework	
  of	
  

the	
  UA9	
  Collabora?on	
  
•  State-­‐of-­‐the-­‐art	
  crystal	
  simula?on	
  tools	
  for	
  higher	
  energies	
  

Mul*turn	
  benchmarking	
  performed	
  with	
  respect	
  to: 	
  	
  
•  Experimental	
  data	
  at	
  120&270	
  GeV	
  taken	
  on	
  the	
  SPS	
  in	
  the	
  framework	
  of	
  the	
  UA9	
  

Collabora?on.	
  (not	
  shown	
  here)	
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Crystal	
  rou-ne	
  

Calcula?on	
  of	
  main	
  parameters	
  as	
  func?on	
  of	
  par?cle	
  energy,	
  crystal	
  length	
  and	
  bending	
  
(	
  θcs,	
  θcb,	
  Rc,	
  PVC,	
  θVR	
  ,	
  σVR	
  )	
  

Calc.	
  PCH	
  

Calc.	
  LDe	
  and	
  LDn	
  for	
  10%	
  of	
  them	
  

DC	
  par?cle	
  awer	
  VC	
  

CH	
  par?cle	
  

Par?cle	
  in	
  the	
  
transi?on	
  AMèVR	
  

Calc.	
  possible	
  refl.	
  point	
  

AM	
  par?cle	
  

VR	
  par?cle	
  

Calc.	
  LD	
  

VC	
  par?cle	
  

DC	
  par?cle	
  

is	
  x’	
  <	
  θcb	
  ?	
  

is	
  rnd()	
  <	
  PCH	
  ?	
  

is	
  L	
  <	
  LD	
  ?	
  

is	
  L	
  <	
  LD	
  ?	
  

is	
  rnd()	
  <	
  PVC	
  ?	
  

Refl.	
  Point	
  in	
  cry?	
  

yes	
  no	
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Resume	
  table	
  	
  

415	
   CUT	
   Telesc.	
  
MCS	
  

included	
  

VR/AM	
  peak	
   CH	
  peak	
   CH	
  rate	
   DC	
  rate	
   LD	
  

[urad]	
   [urad]	
   [urad]	
   [%]	
   [%]	
   [mm]	
  

Experiment	
   5	
   yes	
   -­‐4.5	
  σ	
  9.3	
   144.0	
  σ	
  7.2	
   68.9	
   4.76	
   1.23	
  

Simula?on	
   5	
   no	
   -­‐6.3	
  σ	
  5.9	
   143.3	
  σ	
  5.8	
   79.9	
   5.30	
   1.04	
  

Simula?on	
   5	
   yes	
   -­‐5.9	
  σ	
  8.1	
   143.3	
  σ	
  7.7	
   69.8	
   5.18	
   1.06	
  

Experiment	
   10	
  	
   yes	
   -­‐5.9	
  σ	
  9.5	
   143.8	
  σ	
  8.2	
   54.0	
   5.13	
   1.41	
  

Simula?on	
   10	
   no	
   -­‐6.6	
  σ	
  7.5	
   143.7	
  σ	
  6.7	
   65.2	
   5.15	
   1.06	
  

Simula?on	
   10	
   yes	
   -­‐6.0	
  σ	
  8.1	
   143.5	
  σ	
  8.8	
   62.0	
   5.10	
   1.09	
  


