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Sensitivity of CN
GS m

uon
detectors to beam

-line
m

isalignm
ents

q
 O

U
TLIN

E:
¸ Requirem

ents for CN
GS m

uon detectors
¸ Beam

 Loss M
onitors as m

uon detectors
¸ Effects of beam

-line alignm
ent errors

¸ Sensitivity reach to m
is-alignm

ents
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CN
GS beam

-line m
onitoring

q
CN

GS m
ain features:

‹
H

igh energy beam
 (10-30 GeV) optim

ized for n
t  appearance

‹
N

o near detector envisaged
‹

n
m  beam

 norm
alization perform

ed at LN
GS:

¸
by experim

ents (O
PERA

/ICA
RU

S)
¸

with large area m
uon detectors (n

m  interactions in up-stream
 rock)

q
 Requirem

ents for m
onitors along beam

-line
‹

D
etect m

is-alignm
ents of beam

-line elem
ents

   producing significant effects at LN
GS:

¸
Proton beam

 wrt Target
¸

H
orn / Reflector wrt beam

 axis

‹
M

onitor beam
 intensity/stability (relative calibration only)
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CN
GS: location of beam

 m
onitors

700 m
                100 m

                 1000m
                    67 m

   

“Low energy m”
“H

igh energy m”

  m
uons profile --> n

m  profile 
 

H
adron profile m

onitors
In principle 

optics wrt p-beam
alignm

ent

SEM
 foils 

Proton wrt target
alignm

ents 
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Choice of detectors and layout for
the m

uon m
onitoring stations

q
D

etector:
‹

Choice based on results of studies
on alignm

ent errors
¸

negligible effects on n
t  rate with

alignm
ent errors within predicted

accuracy (for all beam
 line elem

ents)
¸

CERN
-EP2001-037;   CERN

-SL-2001-016 EA

‹
Em

phasis on reliability
¸

access to m
uon stations very restricted

q
Layout:
‹

Sam
ple m

uon profile with sufficient
accuracy to detect asym

m
etries

¸
#

 of detectors, spacing, …
-2

-1
0

1
2

 Radius (m
)

-3
3

 M
uon pit 2

 M
uon pit 1
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BLM
’s as detectors for the m

uon
m

onitoring stations

‹
PRO

:
¸

robust
¸

stable in tim
e

¸
large signals (allow distant electronics ª
1 km

)
¸

good S/N
¸

ready to use (with front-end electronics
& D

A
Q

) in m
odules of 36 (18x2 cables)

‹
CO

N
TRA

:
¸

poor linearity at highest m
uon flux

(under investigation)

N
2  gas filling (1 bar)

V
bias  ª 1 kV

m beam
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BLM
’s characteristics:

≈ m
atching m

uon beam
 intensity and pit layout

first m
uon pit

second m
uon pit

H
adron m

onitor

0 .4 .8

1.2

1.6

-0.5
-0.25

0
0.25

0.5

x 10
10

1.00 .5

1.5

2.0

2.5
x 10-2

-1
0

1
2

7

0

x 10
5

-2
-1

0
1

2

1.0

2.0

3.0

4.0

p±, p±, K±, m± (1013 pot cm2)-1

m+ (1013 pot cm2)-1

m+ (1013 pot cm2)-1

un-collided
proton peak

A
fter 15 m

 Fe hadron dum
p

(≈20 GeV range-out filter)
A

fter 67 m
 of m

olasse
(≈50 GeV range-out filter)

      Fluka standalone
      Fast param

etric sim
ulation

r (m
)

r (m
)

ª 200 m
 !
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Effects of alignm
ent errors

Exam
ple 1: 6 m

m
 horn lateral displacem

ent
6 m

m
 horn lateral displacem

ent
                  (expected accuracy  ª 0.1 m

m
!!)

0 .2 .4 .6 .8

1.0 x 10
-3

0
20

40
60

0 .4 .8

1.2

1.6

2.0
x 10

7

-2
-1

0
1

2
0

x 10
5

-2
-1

0
1

2

.5

1.0

1.5

2.0

2.5

3.0

3.5
first m

uon pit
second m

uon pit
n

t  evts at LN
GS

nt
  CC evts (GeV kt year)-1

m+ (1013 pot cm2)-1

m+ (1013 pot cm2)-1

Dm
2 = 2.5 10

-3 ev
2

sin
22

q  = 1

r (m
)

r (m
)

E (GeV)

Clear loss around H
orn

focused m
om

enta
Loss ≈ -2.8 ± 0.2 %

First m
uon pit very sensitive

to H
orn focused particles

A
verage displ. = 19.1 ± 0.5 cm

Second m
uon pit sensitive to

m
uch higher energies

A
verage displ. = -3.5 ± 1.2 cm

      M
is-aligned case

     A
ligned case
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Effects of alignm
ent errors

Exam
ple 2: 1 m

m
 p-beam

 lateral displacem
ent

1 m
m

 p-beam
 lateral displacem

ent
                  (expected accuracy  ª 0.1 m

m
!!)

first m
uon pit

second m
uon pit

n
t  evts at LN

GS

nt
  CC evts (GeV kt year)-1

m+ (1013 pot cm2)-1

m+ (1013 pot cm2)-1

Dm
2 = 2.5 10

-3 ev
2

sin
22

q  = 1

r (m
)

r (m
)

E (GeV)

U
niform

 loss at any
m

om
enta

Loss ≈ -3.0 ± 0.2 %

First m
uon pit insensitive

(H
orn/Reflector dom

inate)
A

verage displ. = -1.2 ± 0.5 cm

Second m
uon pit sensitive to

high energy part. direction
A

verage displ. = 14.8 ± 1.2 cm

      M
is-aligned case

     A
ligned case

0 .2 .4 .6 .8

1.0 x 10
-3

0
20

40
60

0 .4 .8

1.2

1.6

2.0
x 10

7

-2
-1

0
1

2
0

x 10
5

-2
-1

0
1

2

.5

1.0

1.5

2.0

2.5

3.0

3.5
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O
verall effects

of CN
GS beam

-line m
isalignm

ents

>>>> Statistical accuracy  of the M
C sim

ulation <<<<

-10.7
-18.8

5.7
21.5

-0.4
-3.0

10 m
m

30 m
m

0.
- 2.8

Proton beam
 angular displacem

ents (alignm
ent accuracy ª 0.1m

r)

3.7
10.4

-1.2
-2.3

0.
-1.3

0.5 m
r

1.0 m
r

H
orn lateral displacem

ents (alignm
ent accuracy ª 0.1m

m
)

7.3
14.8

-0.6
-1.2

0.5 m
m

1.0 m
m

Reflector lateral displacem
ents (alignm

ent accuracy ª 0.1m
m

)

-0.6
-3.5

10.1
19.1

-1.0
-2.8

3 m
m

6 m
m

1.2
0.5

0.2

Proton beam
 lateral displacem

ents (alignm
ent accuracy ª 0.1m

m
)

2
nd m

uon cham
ber

centroid displ. (cm
)

1 st m
uon cham

ber
centroid displ. (cm

)
n

t  CC interact.
loss (%

)

ÿ
Sm

all effects at LN
GS

ÿ
M

easurable along
   beam

-line

ÿ
M

uon m
onitors

   (com
plem

ented by
   SEM

’s at target)
   are sufficient to
   disentangle source
   of m

isalignm
ent
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Study of the layout of BLM
’s

in the m
uon m

onitoring stations

W
orking hypotheses:  ≤ 18 BLM

’s per pit
        s

m
eas  ≤ 3%

 / “full scale” (m
ainly relative calibr.)

        m
ax signal adjusted at “full scale”

        good linearity over full signal range

O
rthogonal                       Polar

A
rrangem

ents (17 BLM
’s):

Centered on beam
 axis

Left/Right sym
m

etric

  Goal:
best arrangem

ent
best spacing (DS)
m

inim
al num

ber of BLM
’s

DS

Estim
ator:

W
eighted sum

 of (L-R) differences
D

epends on s
m

eas  , DS, num
ber of BLM

’s

N
o need for absolute calibration !
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D
etecting asym

m
etries

in m
uon profiles

    

†
 

D
x

=
x
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Â
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DS
icosq
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Â
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D
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=
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/
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=
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i,j
-W
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i>0,j
Â

/
W

i,j
i,j
Â

DS

q
j

i

x
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†
 

s
x

ª
s

m
eas DS

2
(icosq

j ) 2

i>0,j

Â
/

W
i,j

i,j

Â

s
y

ª
s

m
eas DS

2
(isinq

j ) 2

i>0,j
Â

/
W

i,j
i,j
Â

Errors:

    

†
 

s
q

ª
s

r

D
r

=
s

x 2
+

s
y 2

D
r

Estim
ator of sensitivity:

Estim
ators of projected displacem

ents:
depend on left/right differences along given direction

    

†
 

D
r

=
D

x
2

+D
y

2
D

q
=

inv
sin( D

yD
r )

(W
ij  = m

uon flux m
easurem

ent in each detector)
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Sim
ulations

q
Extensive sim

ulation of possible m
isalignm

ents
‹

Proton beam
 wrt target - horn/reflector wrt beam

-axis
¸

Focus on sm
all displacem

ents (sensitivity)
¸

Several displacem
ent directions (x,y)

q
W

ide variety of arrangem
ents of 17 BLM

’s tested
‹

O
rthogonal configuration
¸

4 BM
L’s per row

¸
Spacing for 10cm

 to 50cm
‹

Polar configuration
¸

8 BLM
’s per circle

¸
Spacing from

 20cm
 to 100cm

‹
N

on-uniform
 spacing also tested

¸
Grouping BLM

’s where m
uon profiles vary rapidly

q
D

ouble BLM
’s density (33 per m

uon station) also tested
0 .4 .8 1.2

1.6

2.0
x 10

7-2
-1

0
1

2
 x-slice (m

)

m
uon pit 1
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Sensitivity to beam
-line

m
is-alignm

ents (I)

ÿ
 Estim

ator “D
r” approaches m

uon profile average displacem
ent

when the full distribution is sam
pled

ÿ
 Best sensitivity for m

inim
um

 s
r /D

r
10 8642

0
40

80
120

200

Dr (cm)

M
ax spanned radius by BLM

 array (cm
)

H
orn displ., 3m

m

160
0

108642

0
40

80
120

200

p-beam
 displ., 0.5 m

m

160
0

1 st m
uon pit

2
nd m

uon pit
Polar
O

rthogonal

Error band
    for
s

m
eas  = 3%

 m
 profile displ.

 10cm
 m

 profile displ.
 7cm
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Sensitivity to beam
-line

m
is-alignm

ents (II)

ÿ
 Best m

onitor spacing, DS, depends on m
uon profile width

ÿ
 Polar/orthogonal configurations ≈ equivalent sensitivity

0.5

0.4

0.3

0.20.10
40

80
120

200

Relative error

M
ax spanned radius by BLM

 array (cm
)

H
orn displ., 3m

m160
0

0.5

0.4

0.3

0.20.10
40

80
120

200

p-beam
 displ., 0.5 m

m

160
0

Various displ.
O

rientation (D
q)

45°
› 0°

1 st m
uon pit

2
nd m

uon pit
Polar
O

rtogonal
s

m
eas  = 3%

 m
 profile displ.

 10cm
 m

 profile displ.
 7cm
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¸
 wide variety of configurations

   (uniform
/non-uniform

 spacing)
   give com

parable sensitivity

¸
 16+1 BLM

’s allow detecting displ.
    with negligible effect at LN

GS
    (assum

ing s
m

eas  = 3%
 / full scale)

¸
 32+1 BLM

 --> factor 2.5 better
    (m

ore detailed description of
    m

uon profiles)

¸
 1 m

otorized BM
L for x-y

    scanning and cross-calibration

7%4% 6%3%

1 st m
uon cham

ber  (m
ax spanned radius = 80 cm

)
H

orn lateral displacem
ents

14%
8%

10.1
19.1

-1.0
-2.8

3 m
m

6 m
m

2
nd m

uon cham
ber  (m

ax spanned radius =120 cm
)

Proton beam
 lateral displacem

ents

18%
10%

7.3
14.8

0.
-2.8

0.5 m
m

1.0 m
m

Relative error (%
)

16 BLM
’s    32 BLM

’s

Centroid
profile

displ. (cm
)

n
t  CC

interact.
Loss (%

)

Sensitivity to beam
-line

 m
is-alignm

ents (III)

s
m

eas  = 3%
 / “full scale”
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Sum
m

ary

¸
 M

isalignm
ents of the beam

-line elem
ents -within project 

values- will not affect n
t  event rate at Gran Sasso

¸
 M

uon m
onitoring arrays (based on BLM

’s) - located after 
the CN

GS dum
p - should provide reliable inform

ation 
to control beam

 intensity and m
isalignm

ents

¸
 O

ptim
ization of BLM

’s design and layout is underway
to m

atch CN
GS highest m

uon flux
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BLM
 characteristics

q
Ionization cam

ber
‹

D
iam

eter
9.2cm

‹
Length 

19cm
‹

Volum
e 

1liter
‹

Filling 
N

2  (99.9%
)

‹
Pressure

1bar
‹

Ionization energy
27eV

‹
Sensitivity

5 10
-5C/Gy

‹
Efficiency

4 10
3pairs/part.

‹
Bias Voltage

800V (50-1200V)
‹

Rise-tim
e

300ns
‹

D
ynam

ics 
> 10

6

‹
Radiation resist. 

> 10
6Gy

q
Calibration
‹

Single source (137Cs - 3m
Ci) --> few %

cross-calibration & tim
e stability

q
Electronics and D

A
Q

‹
A

cquisition m
ode

integration
‹

A
D

C
full scale 10V

‹
Resolution

12bit
‹

Integrator capac.
m

in 50pF
m

ax 50
mF

‹
D

A
Q

 unit
36(+4) channels
1 CPU

+Tim
inig

‹
Signal cables

18 channels
‹

Cable length
m

ax 1500m
‹

A
cqusition tim

e
3m

s (36ch.)

q
Perform

ance (Cable <500m
; C

m
in  = 1nF)

‹
D

rift
1bit/s

‹
N

oise
3bit

‹
Sens.

4 10
3 part./bit

‹
Full scale

1.6 107 part.


