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 UA9 experiment at CERN

* |.N.l. studies motivations

* |.N.I. measurements idea & apparatus
* |.N.I. FLUKA simulations

* |.N.l. data analysis and results

* Future applications

» Conclusions




3’ UA9 Collaboratlon

MISSION: assess the possibility to use
bent Crystals as primary collimators in
hadron accelerators and colliders

GOAL in 2015: Channeling performed in
LHC at top energy (6.5 TeV)

2015-2018: further tests and optimization

Horizontal Crystal Angular Scan @ 6.5 TeV

Protons

(Hor Crystal BLM / Beam Flux) / AM losses [a.u.]
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Horizontal Crystal Angle [urad] Horizontal Crystal Angle [urad]

*Losses recorded with BLM at goniometer position normalized to beam flux and to loss rate in amorphous.




Crystal Collimation for LHC “UR2

Bent crystal Massive Absorber
Secona_ary%b—)
Circulatin : . ; ;
beam ’ : Insertion : Arc IP
I
Main gains: LHC design parameters for Silicon ST Crystals

v Reduction of inelastic nuclear interactions
Reduced off-momentum losses also in DS

v Less collimators and with larger gaps
Impedance reduction

v Better performances with both p and Pb
Significant improvement of w.r.t. present Bending 50prad B, =300 T @ 7 TeV!
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\)/ I.N.l. Measurements motivations UA 3

LHC collimation purposes - study of the LHC losses at the

crystal position
- Measure the |.N.I. rate in different crystal orientations:
>  Amorphous (AM)
>  Volume reflection (VR)
> Planar Channeling (PL-CH)

- Show the |.N.I. reduction in PL-CH w.r.t. AM (or VR)

UA9 performed first
measurements in 2010

Crystal physics studies (beam steering oriented)
Show the I.N.I. reduction in Axial Channeling (AX-CH) w.r.t. PL-CH

Comparison of the I.N.I. rate in AX-CH for different Crystal axis
orientations: <111> VS <110>

|.N.l. PL-CH/AM reduction as a function of crystal curvature
|.N.l. rate in different crystal orientations w.r.t. to the AX-CH one
|.N.l. rate in any kind of bent crystal: big angle, focusing, for extraction, ...




)/ UA9 Experimental apparatus at the _[JA 9

7 H8 SPS extraction line
High rate and high angular resolution beam telescope based on CMS Tracker HW&SW

upstream downstream

€ aue|d AX
s1032||nuUIRS 4add

295 1416 214
mm mm mm

Main steps in the characterisation of bent crystals:
Alignment run: only the tracking stations are in the beam line (BKG) + |.N.l. BKG

1.
2. Linear scan: crystals are placed on the beam line

3. Detailed angular scan: ~10° events/step are acquired around the channeling orientation
4.

High statistics runs:
- the crystal is left in the optimal channeling position for Hi-Stat. of ~106 p + [.N.l. in CH
- the crystal is left in the AM orientation for hi-stat of ~106 p + I.N.I. in AM
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)/ I.N.l. H8 apparatus UR-2

The idea is to perform a coincidence measurement integrated in the Tracker DAQ

| Simple idea S L

.4

, I Good results

- Two mini scintillators (5x10x25 mm?3): to cut the background stream along the line
- Symmetric position (remote controlled): w.r.t. the beam axis and the crystal position

- Fast coincidence (gate ~ 2 ns): to register “only” |.N.l. correlated with a single track

- Scintillators acquisition is linked to the Tracker acquisition:

- Selection of events only with single incoming tracks and multiple outgoing tracks
- Very precise and simple off-line analysis: it is possible to apply geometrical and
angular cuts, filtering only the interesting events

- Systematic measurements on any kind of crystal: in parallel with crystal bending
angle and efficiency measurements
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) FLUKA simulations “Y%*

For [.N.l. data analysis

Estimation of the detection efficiency of the experimental
apparatus: physics, geometry, detector behavior

N

Estimation |.N.l. absolute probability from I.N.l. frequency

To design the most efficient experimental apparatus

l.e.: signal/BKG optimization for measurements of heavy ions
beam |.N.l. in bent crystals
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@)  FLUKA simulations to estimate A9
the I.N.I. apparatus efficiency

~/_7

Geometry

Tracker
plane

Crystal

e B R L

Beam
] f
L Trigger| ... LN s
scint. scint. . |
xample:
Efficiency factor - tod
1> Was compute
Fi2 = Noiney! Nyniy simulating the local Framework  F, (protons)
experimental setup GEANTA4 0.3301
Prob.= Freq./F around the crystal and
9 12 the scintillators FLUKA 0.3510
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Background estimation “WA=2

We are looking for very tiny effects (<1%o):
the BKG control is crucial !!!

The BKG is reduced “a priori’:

studying I.N.I. track by track
using I.N.I. scintillators with only few ns of time coincidence gate

using small I.N.I. scintillators

Anyway, some BKG sources are not erasable:
An high “cosmological” BKG is present along the H8 beam line, due to the
interaction of the beam with the line components
|.N.1. interactions with the “no-crystal” matter between the 2"d and the I.N.I.
detectors positions (silicon strips, air, etc...)

Solution: a hi-stat BKG run is acquired removing only the crystal from the

beam line, and then subtracting “a posteriori” this signal during the data
analysis. This BKG component is ~25% w.r.t. the |.N.I. signal in CH, an half of

what the UA9 experiment had in 2010
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Main results (1/4) “Uh3

I.N.l. studies for LHC collimation purposes:
comparison between the two kinds of crystals successfully tested in LHC:
for CH strip crystals use (110) planes, instead quasi-mosaic uses (111) ones

T T T T T T |.N.1. reduction factor in CH w.r.t.

 Si :
| 400 GeV p* AM orientation (within ©_/2 = 5 yrad):
Strip: ~3.7

o
o))

==

©
Ul

Quasi-mosaic: ~2.8

o
o

This difference is due to the different
average planes distance

©
w

-4- QMP46 PCH sim.

~+- STF105 PCH sim. Strip> 1.92 A

------ QMP46 SixTrack sim.
------ STF105 SixTrack sim. ] Quasi-mosaic > 1.57 A
—=— QMP46 Exp. data ]

—— STF105 Exp. data

o
N

Normalized interaction probability

Very good agreement both with Planar
Channeling full analytical and SixTrack
Monte Carlo simulations

0 5 10 15 20
Angular cut 8 (urad)




Main results (2/4) UA?2

Studies of I.N.l. probability in Axial Channeling:

Very first estimation of I.N.I. Comparison of I.N.I. probability (AM normalized)
absolute probability in AX-CH between <110> and <111> axis orientation
0.55 T — . : . . . . .
05k Si | 1) (110) PL-CH, ©=55 prad, Si
045§ A A t—F—1—"F—"—1+-"T71] 075l 2) <111>AX-CH, ©=63 prad
5 04; i | o=55urad | 3 3) <110> AX-CH, ©=55 prad i 3
< 0 [——ACH! + I E + -1
2| e 400 GeV p g 400 GeV p ]‘_.,} {
2 o }
E £ 00 P 2
o 5 ¥ -4
§ £ 4 !
3 O A W 50 8 Sk ¢
2 S 025 % f } S 3
= <
—{——}"’}/'}’**
o S
0.00, 6 8 10 12 14 16 18 20
Angular cut 8 (prad) Integration Angle (urad)

Crystals thickness along the beam direction: ~ 2mm




N Main results (3/4) UR2

Further |.N.l. probability studies:

|.N.l. absolute probability as a PL-CH I.N.l. reduction factor
function of vertical misalignment w.r.t. the crystal curvature
w.r.t. the AX-CH orientation
0.5r J AL J T J L J 6 L N L A N
: ’ ? : 400 GeV p*
j 400 GeV p* | :
04 | —am | f [
z | 54 |
303 o
a | 2 31
S 02 % t .[,
§ o 2F
2 f i
IS 0.1f PL-CH > 1 1:,
[ < AXCH Si| | Si
7 10 0 1000 10,000 % ooz 004 006 008 0.1
Vertical angle (prad) Crystal curvature (m?)
Crystal bending angle ©=55 prad Crystals thickness

Crystal thickness along the beam: 2 mm along the beam: 2 mm
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Main results (4/4) UR

Two publications produced:

tter B, 2016

The European Physics Journal C, 2018
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1. Introduction eration of aystals has demonstrated the capability of efficiently

In the st twenty years, channeling has been exploited for
steering |1], collimation [2-4] and extraction [2.5-7) of relatevis-
tic beams in circular accelerators, 25 well as splitting and focusing
of extracted beams [8]. In the last decade, 3 significant boost to the
research on partice-crystal interactions was provided by the fab.
ricatson of uniformly bent crystals with thickness along the beam
direction suitable for experiments at high-energy. The novel gen-

* Comepondng asher
2t s bagh @ st (T tagh).

bt ok g 109016 plopabess 2016.07.572

steering positively charged [9,10] partice beams and to observe
the deflection of negatwely charged particle beams [11,12). As
well = efficient deflection, channeling has been shown o modity
the probalility of incoherent interactions with atoméc mclel with
respect to an amorphous material of the same length | 13). In par-
ticular, the wse of bent crystals 3 3 primary collimator has been
Gemonstrated (o reduce the beam losses in the SPS proton syn-
chrotron at CERN |14- 16}, leading to the installation of two bent
crystals in the LHC collider |17 The crystals instaied in the LHC
were successtully tested and shown to reduce the beam losses in
the LHC ring with 65 TeVjc protoms [ 15].
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imestigated, in particular for both types of crystas isstalled I the list decade, the UA9 Collsboration investigaied a new

t dle Cl](h I"s: Hadroa Collider for hem i sppeoach to in hadron ing machines,
i using the planar chasseling (PCH) process realized in beat

in pu.mnng this probability & ~ 36% forthe qusi.  silicon crystals|1-6]. High-sncrgy charged particles imping-

mosaic type (plases (111)), and ~ 27% for the strip type mgondkayuﬂwlhndlmglumlmvewd:hm
(plases (110)). Morcover, the shsolste inslastic saclearinter- o and
action ility in the axial i Sentath i be the bend angle. In this coa-

aloag
the {110) axis, was etimated for the fint time, finding a vakee
of 0.6% for a crystal 2 mm long slong the beam directica,
with & beading angle of S5 jurad. This value is moes than two
times lower with respect to e plasar channeling orientatica
of the same crystal, and incresses with the vertical angular
msaligament huﬂy lhewnthmhetmlhe inclastic
nuclear i ity im the planar and
the silicca crystal curvature is reported.
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suppressed [7]. Following this principle, 2 bent crystal can
be sed 25 a pmary collimator for the Larpe Hadron Collider
(LHC) at CERN, deflecting the beam halo particles dimcdly
onto an shsorber.

Simce 2015, UAS has cbtained very encouraging resalts in
the LHC, performing channeling 2 the rcoed energy of 6.5
TeV [8] and cbeerving a stroag reduction of beam Josses due
to Inclastic Nuclear Interactioas (IND) in the aligaed crys-
ali with its (AM) ori ica. AM
orentation, typically far away from PCH orieatation, is the
«condition in which the beat mono-crystalline silicon can be
considersd disondered a5 amocphous silicea. For this per-
pase, the study of INT peoduced by high cacrgy particles in

€ springer




) Future applications UR2

|.N.l. measurements of heavy ions in bent crystals for LHC

|.N.l. measurements of heavy ions and 180 GeV pions in
bent crystals for beam steering in general

« Collimation

* Focusing

« Extraction

« Splitting

|.N.l. measurements on hi-dose irradiated crystals

In the last two years UA9 collected new interesting data
and the analysis is on going
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@) Conclusions UR 3

Studies of I.N.I. interactions in bent crystals are essential for a better
understanding of their behavior as LHC collimators, but also to investigate
their physical features for different beam steering applications.

A very effective method and experimental setup to measure the INI
frequencies in bent crystals, and a reliable analysis and simulation tool to
estimate the related INI absolute probability, have been implemented.

A study of I.N.I. of high-energy protons with LHC bent crystals was
performed, estimating the reduction factor in CH orientation w.r.t. AM one.

A very first estimation of [.N.l. absolute probability in <110> AX-CH
orientation and its reduction factor w.r.t. PL-CH was obtained for <111> &
<110> axis

|.N.l. measurements of high-energy protons in bent crystals with different
shapes and different orientation was obtained

Using FLUKA a new setup for |.N.l. studies of high-energy heavy ions and
180 GeV pions in bent crystals has been realized

New interesting results are expected form the data recently collected
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Thank you for
your attention !
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Future studies for Pb lons beam UA 3
ILN.I. in the Crystal

Some fixed parameters for practical reasons:

November 2016

1) The gap between the two scintillators has to be larger w.r.t. the Pb
lons beam size: Gap =21 cm

2) Due to space limitations in UA9 setup, the distance (AZ) between
the Crystal and the scintillators has to be: 15 cm <AZ <25 cm

Pb lons 30 AGeV produce an
huge background
along the line, that cover the |.N.I. signal.

It's important to reduce the size and the
coincidence time gate as much as possible

With FLUKA simulation is possible to
choose the best experimental layout to have
the best possible SIG/BKG ratio




Present LHC collimation system WA=

Cold magnets Warm magnets Cold magnets
IR Wy ) ety Ao T
econdary halo =

Circulating . . . .

beam Insertion . Arc IP

Protection Secondary Absorbers - Tertiary  Bottleneck
Devices Collimators (TCLA) Collimators
(TCD) (TCSG) (TCT)

D. Mirarchi

Multi-stage cleaning with about 50
collimators per beam, two dedicated
insertions

" Momentum Betatron
cleaning cleaning

o
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Hardware installed in the LHC A3

Two crystals installed in the IR7 (Beam1) during April 2014: (developed in the UA9 framework)

Silicon Strip crystal in the horizontal plane

—— oy,

I
| Quasi-mosaic crystal in the vertical plane

————————————————————————————

—— e o o o o = = o m—

[
I
I
I
I
I
I
I
I
I
I
I
\

]

And two goniometers: (UA9 framework)

v Piezo actuator in closed loop (angular stage)
v Transparent during normal operation

Crystal |

j

. (R L !
IOt < B o] ST R Dot 1

Eeis-ens 3
J ARG R
F L " Lt o

Able to align the
Crystal with an
accuracy ~ 0.1 prad

Movable segment of beam pipe
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)’ Beam loss pattern during angular scan UA 2

2015: On-line observation of the crystal channeling in the LHC! (E = 450 GeV)

0’

Entire ring

Losses [Gray/s)

( S0 OO

10 Losses @ crystal

Losses |Gray/s)

t |[hh:mm|

Collimator
— Warm
Cold

1501%) 20400 2500x)

s |m|
Zoom of IR7

—
~

Absorber

Losses [Gray/s]

Crystal

D. Mirarchi

1
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Study of the I.N.I. products URl3
in the Crystal

Pb lons beam: E = 30 AGeV
Silicon Crystal: AX=1 mm, AY=55 mm, AZ=2mm (Strip Crystals)

lllll

Entries 1e+07 1 > : ; Entries 1e+07

Only Crystal + Pb beam simulation:

products are emitted mainly at very small
angles, so we have to choose:

1. The minimum possible gap: 1 cm

¥
2. The maximum possible distance: 25 cm

Energy [MeV] all events ©[Z>= +1 &E >= 1000.0 MeV] only LN.I. events
e T [ s |.N.I. main products features:
(. I R e
Qe
I NS E>1GeV
w\
o Povee e Svee voU ki bl bbby
(a) Energy distribution. (b) Angular distribution for INI secondaries. Z 2 1 (a n d n e U tro n S)
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Scintillators energy thresholds UR 3

Full geometry simulation For:

TV St

- —» Hi=|m= : I S AX=10 mm, AY=25 mm, AZ=5mm

‘ } } } ! T Distance from the crystal: AZ=25 cm
Signal over background ratio ‘
&3‘ 24

” /\ Scintillators thresholds = ~ 4 MeV

RN 3

:z e

. - SIG/BKG ~ 23

6 \\\‘

2 o This was repeated for each possible

seaymesnad. v [@yout, and this is the best result




=) I.N.l. user routine

UR 3

Code “101” indicates the

* *

ENTRY ENDRAW ( ICODE, MREG, RULL, XSCO, YSCO, ZSCO )

RETURN
*
*
* SOurce particle DRAWing:
*
*

ENTRY SODRAW

RETURN
*
* *
* USer dependent DRAWing: *
* 3
* Icode = 10x: call from Kaskad *
* 100: elastic interaction secondaries *
* <:::§ZE:EE§E§stic interaction secondaries *
* 102: particle decay secondariles *
* 103: delta ray generation secondaries *
* 104: pair production secondaries *
* 105: bremsstrahlung secondaries *
* 110: decay products *
* Icode = 20x: call from Emfsco *
B 208: bremsstrahlung secondaries *
* 210: Moller secondaries *
* 212: Bhabha secondaries *
* 214: in-flight annihilation secondaries *
* 215: annihilation at rest secondaries *
* 217: pair production secondaries *
* 219: Compton scattering secondaries *
* 221: photoelectric secondaries *
* 225: Rayleigh scattering secondaries 3
* 237: mu pair production secondaries *
* Icode = 30x: call from Kasneu *
* 300: interaction secondaries *
* Icode = 40x: call from Kashea *
* 400: delta ray generation secondaries *
*x For all interactions secondaries are put on GENSTK common fkp=1,np) x*
* but for KASHEA delta ray generation where only the seconfary elec- x*
* tron is present and stacked on FLKSTK common for kp=npy/lka *
* *
x

ENTRY USDRAW ( ICODE, MREG, XSCO, YSCO, ZSCO )
* No output by default:
IF(ICODE.E0.101) THEN
WRITE(99,%) NCASE, MREG
END IF
RETURN

cé@?y
\
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|.N.l. processes

*
ENTRY USDRAW ( ICODE, MREG, XSCO, YSCO, ZSCO0 )
* No output by default:
~TF(ICODE.F0.101) THENL —>
<WRI11F(99,%) NCASE, MREG———
END IF
RETURN

b 4

If there occurs an Write the
I.N.l. process corresponding

event # and the
region # (*_fort.99)




) Output files UR 3

Ask to FLUKA to read and consider “my” mgdraw.f modified file

ndni ~Ih|; Egrr:glgte pd "If_lrI:: ﬁg 'Source. Traj, Losses v D-HFW:IE beésgr Defined »
Ont: 2.3 ASL ¥ MamerScorlR
TvpeReglon v B Lt LB Event by event energy deposition
art: ENERGY v R2from:| v R2to: v Step2:
Frint: Non-Zero Cells v Rafrom: ¥ R3to: vy Step3: ‘
STF100LR25x10mm24cm001_fort.99 STF100LR25x10mm24cm001_fort.23
6_3\ 3 Fokokokok *okokokok
/O DATE: 7/17/15, TIME: 17:25:44
' Primary ﬁ- 63 has Total number of particles to be followed 10000000, event by event
1
prOduced I_ N . I . Only Regl.on 2 b:i:r]_;gmchggr%pgn:ing%igrl‘;ﬁe gegiéni?%igzuzedlpar:de n 208
14574 : : from region 0 to region 0 in step of 1 regions, or
145 5 in the region 3 pmn el 8 inseer e
145 5 accurate deposition along the tracks requested
145 5 only non-zero cells will be printed
145 5 . zi.’:zir;gorf\:hit ;l:él']'jc::orLR ",0 Event #: 1, Primary(s) weight 1.0000E+00
145 5 Primary # 70 has No energy deposition in any scintillators
145 5 R Binning n: ) 1, "ScorLR ", Event #: 2, Primary(s) weight 1.0000E+00
145 & produced INI in the Number of hit cells: 0
145 §/ regions- 9, 5, 5’ 9 33;2;:902:h- 1, "Sf:orLR ",1 Event #: 1886, Primary(s) weight 1.0000E+00
gg; g : ) |-—> Energy deposition only in the left scintillators
555 2 For example prlmarles Binning n: ) 1, "Sr.:orLR ", Event #: 2326, Primary(s) weight 1.0000E+00
732 2 | #1...57...77...340...999. .etc... T oo s> 7 8.10470Rases005E3EIL
7393 | haven't produced [.N.I. > Energy deposition in both scintillators: 3
739 5 .
coincidence !!! > LN.L I
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