Beam Loss Monitors "
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By Kay Wittenburg,
Deutsches Elektronen Synchrotron DESY, Hamburg, Germany

You do not need a BLM System as long as you have a perfect machine without
any problems. However, you probably do not have such a nice machine,
therefore you better install one.

f Introduction 3
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Beam loss monitor systems are designed for measuring beam losses around an

accelerator or storage ring. A detailed understanding of the loss
mechanism, together with an appropriate design of the BLM-System and
an appropriate location of the monitors enable a wide field of very useful
beam diagnostics and machine protection possibilities.
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Loss Classes (T) a9
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* Regular (controlled, slow) loss
* Irregular (uncontrolled, fast) losses:
The irregular losses may be distributed around the machine and not obviously on the

collector system. Can be avoided and should be kept to low levels:

v to keep activation low enough for hands-on maintenance, personal safety and
environmental protection.

v to protect machine parts from beam related (radiation) damage (incl. Quench
protection and protection of the detector components)

v to achieve long beam lifetimes/efficient beam transport to get high integrated
luminosity for the related experiments.

These higher levels losses are very often a result of a misaligned beam or a fault
condition, e.g. operation failure, trip of the HF-system or of a magnet power supply.
Sometimes such losses have to be tolerated even at a high level at low repetition rates
during machine studies. A beam loss monitor system should define the allowed level
of those losses. The better protection there is against these losses, the less likely is
down time due to machine damage.

A post mortem event analysis is most helpful to understand and analyze the faulty
condition.

f Irreqular Losses o
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A serious problem for high current and high brilliance accelerators is the high power

density of the beam. A misaligned beam is able to destroy the beam pipe or collimators and
may break the vacuum. This fact makes the BLM-System one of the primary diagnostic tools
for beam tuning and equipment protection in these
machines. Superconducting accelerators need a Print_Switch to Lang Mode 85 sec]
dedicated BLM-system to prevent beam loss induced a3
quenches. Such a system has to detect losses fast -
enough before they lead to a high energy deposition
in the superconducting material.
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Regular (controlled, slow) loss:

Those losses are typically not avoidable and are localized on the collimator
system or on other (hopefully known) aperture limits. They might occur
continuously during operational running and correspond to the
lifetime/transport efficiency of the beam in the accelerator. The lowest
possible loss rate is defined by the theoretical beam lifetime limitation due
to various effects:

Touschek effect, beam beam interactions, collisions, transversal and
longitudinal diffusion, residual gas scattering, halo scraping, instabilities etc.
Suitable for machine diagnostic with a BLM System.

It is clearly advantageous to design a BLM System which is able to deal
with both loss modes.
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Some examples for reqular (controlled, slow) Losses. e ® -

DESY

Examples to make diagnostics with BLMs )

Injection studies

Lifetime limitations (Touschek effect, etc.)

Tail scans
Tune scans
Ground motion
Diffusion
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Principles of loss detection (I): Besy
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Considerations in selecting a Beam Loss Monitor (common aspects):
By R.E.Shafer; BIW 2002

« Sensitivity

* Type of output (current or pulse)

« Ease of calibration (online)

« System end-to-end online tests

« Uniformity of calibration (unit to unit)

« Calibration drift due to aging, radiation damage, outgassing, etc.

* Radiation hardness (material)

« Reliability, Availability, Maintainability, Inspect ability, Robustness
* Cost (incl. Electronics)

« Shieldability from unwanted radiation (Synchrotron Radiation)

« Physical size

« Spatial uniformity of coverage (e.g. in long tunnel, directionality)

* Dynamic range (rads/sec and rads)

* Bandwidth (temporal resolution)

* Response to low duty cycle (pulsed) radiation

« Instantaneous dynamic range (vs. switched gain dynamic range)

* Response to excessively high radiation levels (graceful degradation)
« Signal source
* Positioning

Systems, like differential
beam current
measurements, have a very
rough position resolution.
Dose measurements (or
activation) have a very
long time constant and are
not the subject of this
session.

) : . e ®.
ﬁ Principles of loss detection (ITI): 3%
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Signal Source or What should a Beam Loss Monitor monitor?

*  In case of a beam loss, the BLM system has to establish the number of lost particles
in a certain position and time interval.

* A typical BLM is mounted outside of the vacuum chamber, so that the monitor
normally observes the shower caused by the lost particles interacting in the vacuum
chamber walls or in the material of the magnets.

*  The number of detected particles (amount of radiation, dose) and the signal from the
BLM should be proportional to the number of lost particles. This proportionality
depends on the position of the BLM in respect to the beam, type of the lost particles
and the intervening material, but also on the momentum of the lost particles, which
may vary by a large ratio during the acceleration cycle.

*  Together with the specification for acceptable beam losses as a function of beam
momentum, this defines a minimum required sensitivity and dynamic range for
BLMs.

*  Additional sensitivity combined with a larger dynamic range extends the utility of the
system for diagnostic work.

*  The signal source of beam loss monitors is mainly ...




Signal source:
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... is mainly the ionizing capability of the charged shower particles.

Ionization Loss described by Bethe-Bloch Formular:

e

valid for many materials.
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Figure 1. Plot of energy loss dE/dx vs. energy of incident proton.

Useful:

ﬁ
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Using the definition of a rad radiation dose as 100 ergs per gram leads to
another definition, in terms of MIPs.

B 100 ergs. MeV MIP - gram

lrad — . >
gram 1.6-107ergs 2MeV -cm

=3.1-10" MIPs per cm’

So now we can describe the response of a beam loss monitor in terms of either
energy deposition (100 ergs/gram), or in terms of a charged particle (MIPs)
flux (3.1-107 MIPs/cm?). (from R. Shafer)




Positioning of the BLM (I): B‘E:i‘f
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Each BLM at different locations needs its special efficiency-calibration in
terms of signal/lost particle. This calibration can be calculated by use of a
Monte Carlo Program with the (more or less) exact geometry and materials
between the beam and the BLM. For the simulation it might be important to
understand the (beam-) dynamics of the losses and the loss mechanism.

Where to put the BLMs to measure beam losses?

Preferred locations for beam losses and therefore for BLMs might be
Collimators, scraper, aperture limits, and high B-functions..., therefore
also the (superconducting) quadrupoles

/f; Positioning of the BLM (IT): gE:S;

no losses

Proton losses

beta - fkt. [m]

middle of QF Fosition




Monte Carlo calculations for calibration and positioning (IIT) EE.S{
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Monte Carlo calculations for calibration and positioning (V)

Understanding the loss dynamics:

L
DESY
)

Losses due to: Touschek- or Coulomb scattering, Failures, Microparticles, Obstacle, ...

Trajectory of electrons due to energy loss (Coulomb scattering)
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The Loss Mechanism; inelastic scattering

Electrons lose energy AE due to inelastic scattering
(Bremsstrahlung) mainly on the nuclei of the residual gas
molecules. The deviation of the electron orbit from the
nominal orbit depends on the dispersion function in the
accelerator and on AE. Therefore the electrons may be lost
behind the following bending magnet on the inside wall of

The loss of a high-energy particle in the wall of a
beam pipe results in a shower of particles, which
leak out of the pipe*. Use Monte Carlo simulations
to find the optimum locations for the monitors, as
well as to calibrate the monitors in terms of ‘lost
particles/signal’

Low energy particles which do not create a
shower leakage outside the vacuum pipe wall are

1 1 1
the vacuum cnamocer.

hardly detectable by a loss monitor system.
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Mostly used devices:
Short ion chambers,
Long ion chambers,

PIN Diodes (Semiconductors),
Secondary Emission
Cherenkov light

More exotic:
Compton Diodes,
Optical fibers,

Photomultipliers with scintillators (incl. Optical Fibers),

Dosimetrie is excluded here. Typically interest in long time scales
(days-years), BLMs in short time scales (few turns to 10 ms)

Focus: Sensitivity




f Short Tonization Chamber
Hepol? Short ionization chambers are used in many accelerators.

Principe:

An ionization chamber in its simplest
form consists of two parallel metallic
electrodes (anode and cathode) N u*
separated by a distance D. High -
voltages, V, up to several kV, are
applied to the anode. The gap, of width
D, between the two electrodes is filled - N e
with gas (air, argon, xenon) or liquid of
density p and defines the sensitive Cathode e
volume of the chamber. Ionizing
particles traversing the sensitive Il
volume ionize the gas or liquid and |
produce electron-ion pairs. The electric

field E = V/D causes electrons and

positive ions to drift in opposite

direction toward the anode and cathode,

respectively.

/f; Short Tonization Chamber
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=

The number of electrons reaching the anode
depends on the applied voltage. If the voltage is
very small, the electron produced by ionization 1ot}
recombines with its parent ion. If the electric fielc
is larger than the Coulomb field in the vicinity of
the parent ion, than electrons can escape this
initial recombination. The number increases with
voltage and the number of electrons collected at
the anode increases with voltage up to saturation
where all charges are collected. The region is
called the Ionization Region.
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=l
0
=<'

CONT INUOUS H

DISCHARGE

g
5
3
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*Avoid electronegative gases (O,, H,0, CO,, SFq,...), they capture electrons before reaching the
electrode
*Nobel gases have negative electron affinities (Ar, He, Ne), better for the proportional region.
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f Short Ionization Chamber L2

o .‘I
Saturation in high radiation:

In addition to the initial recombination, electrons on their way to the anode may
be captured by positive ions produced close to their trajectory (by other
incoming particles) and do not contribute to the charge collection (important at
high radiation levels).

. 1
'ngh Voltage Charge collection s T et
fraction for 1,10, ¥ T
-Small D and 100 rads/sec o] % 1o o _i/
h 1 dose rates vs. 7 L o o
(] applied voltage, for 4 | 100 rads/sec
p the FNAL ionization hkﬁ x BRI
chamber. 8 f 1 7 N |
AL ) I
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Al +
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1 I |
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for 0.001. 0.01 and 0.1 ° v/’i . e 2 ol | T [ v
rads-i u! 8 froot ‘ff‘ 0 500 1000 1500 2000
pulsed dose) for the -/ Sl o Predicted charge-collection efficiency for 3 dose rates vs. voltage.
jenization ol \ 0.1rads
chamber. o . 0.01 rads L
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3 . - . A
P
'/ + volts
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Figure 5. Predicted charge-collection efficiency for 3 pulsed doses vs. voltage.

f Short Tonization Chamber .8 -

u Y
Improving lon Transit Time

lon speed Vion = Ho E(Po/P) = 1 (V/d )(P,/P)

Where py= lon Mobility, V= Voltage, P/P, = Pressure (Atm)

Transit Time t=d/ v, = D%uyV (Py/P)]

For plane geometry D = Electrode gap
For cylindrical geometry  D2= [(a2 — b2)/2] In (a/b)

Where b =Innerradius and a = Outer radius

acor

ramic Signal
Electrode
= [/ \ \
o) v RN
—
V o
= Tevatron Ion Chamber
electrode (10R3)
Guard (1583)

R. Witkover, D. Gassner, SNS electrode
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Short Tonization Chamber .0
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HELMHOLTZ
S Saturation  Collection Efficiency for Continuous Loss
FNAL & Prototype BLM Efficiency vs % SNS Local Loss
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R. Witkover, D. Gassner, SNS

Short Tonization Chamber 0.

N
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v=uwn-V/D
with p = mobility [cm?/(V s)];
V = Voltage, D = Gap [cm]

Ion mobility: w,,, = 1.0— 1.5 cm?
atm/(V s) for typ. chamber gases
atD=1cm,p=1atm, V=1kV
=> response time of t =1 — 1.5 ms
which is often too slow for BLMs.

Electrons have a mobility of about
103 p,,,=>t=1-15ps

Fast reaction time=> high charge velocity v

Ton Chamber signal Due to Impulse Loss

Electron current
~ 1 usec

Ion current
~ 1 msec

Ton Chamber signal Due to 1 msec Loss

1 msec 4,”_7 1 msec
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Short Tonization Chamber 0 ® .
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BEROLTE Calibration/Sensitivity

The number of electrons (n,) produced in the gap by one minimum ionizing
Particles (MIPs) is:

n, = M . d—E(Medium) Bethe-Bloch
W dx
W [eV/e-]
Note that the average? energy needed to as | first ionisation potential | fast electrons
produce an electron-ion pair (W-factor) 1—; 9% 64 ]
is larger than the ionization energy. He 24.5 41.3
Is about constant for many gases H, 15.6 36.5
and radiations. N, 15.5 348
Example: Argon: ‘élr s 3;5
p=1.661-103 g/cm? (20°C, 1 atm) CH, e v g
dE/dx = 1.52 MeV/(g/cm?)
n, 100/cm - D [e/ MIP] Note: Cross section for nuclear interaction is about 5 <10

times the ionization cross section (1071 cm?). Cross section
for excitation is about 10-'7 cm?.

Rutherford (nuclear) scattering does not produce significant
energy transfer, but angular spread.

ﬁ Short Tonization Chamber BE.sv

Sensitivity

Sensitivity S, , [C/rad] of lon-chamber depends on geometry!

Example: 1 ltr. Argon filled chamber, 100% charge sampling efficiency:
p=1.661 103 g/cm3 (20°C, 1 atm)

13



T=0.3us
(a1 200ps)

TEVATRON/RHIC/SNS

T=10=>3pus
(tay 560 => 72 ps)

1.51tr N, at 1.1 bar

0.11 Itr Arat 1 bar

V =800 - 1800 V

500 - 3500 V

Dynamic range >108
(>1012 - <103 A)

Dynamic range >108
300 pA — 500 pA

Leak current <1 pA

Leak current
10 pA => <100 fA

S: 156 pA/(rad/h) (Cs'37)
(560 nC/rad)

19.6 pA/(rad/h) (Cs'37)
(70 nCl/rad)

Collection effeciency:
?

Collection effeciency:
77% -> 92 %

Courtesy B. Dehning, M Stockner; CE

/f-: Short Ionization Chamber
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More

* A beneficial characteristic of ion chambers is that their calibration is
determined by geometry, and that the calibration is relatively independent
of the applied voltage.

* Little maintenance required. Leakage in N2 filled chambers not critical
* lon-chambers can be build from radiation hard materials (ceramic, glass

metal), with no aging. Take care about the feedthroughs! No problems up to
more than 108 rad

* Readout: High dynamic range need special signal processing (log.
Amps, counting schemes, lot of ADC bits, ... (—

* Typ. large numbers are needed (>4000 in LHC)=> have to be cheap

14
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Heliax RF-cable

Isolator

HJ4.5-50

+Cheap
+Simple
+Uniform sensitivity
* Isolation not very radiation hard
(but >20 years operation in SLAC)
* leakage current = 0.1 pA/m
* Sensitivity|S = 200 nC/rad/m|=> 0.5 prad/s

. ==

f--~Signal {ard
Leakage Currert)

ff “Panowskys"” Long Ionization Chamber (PLIC) 3\?{.;
| L
H;

/‘ anowskys” Long Ionization Chamber 2
. Pancwskys" Long T Chamber (PLIC) 1

HELMHOLTZ
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bunch

.e_
At/
0 & -
PPl

A t defines position of the loss, amplitude their amount. H
At SLAC =3 km long cable was used.

* Electron collection time T = 0.25 us (Ar-gas)

* Bunch velocity ¢ = 3-10% m/s

* Propagation velocity in cable v=10.914-c HV

* Rise time of reflected signal: t; 550, = 0.1 Us, t0.900, = 3 1S f N

- . 0-50% 10-90% ~100-500 V
Position resolution = 1.5 m (= 5 ns) downstream end

~ 15 m (= 50 ns) upstream end (6 km travel)

15
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Inseallation of LIC at the ELBE beamline

coax seclions separator
/ \ \

1 1 .
Ut 2 = = |
I sumt

l:'. l:: l:_'\

commaon ground

Principle of the sectioned beam loss monitor

Solid State Ion-Chamber - PIN Photodiode @

DESY
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Zoom
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Solid State Ion-Chamber - PIN Photodiode e® .
HELMHOL% ". -
At about 20 V bias:
* Depletion layer ~100 (— 300) um
* 2 nA dark current
* dE/dxg; (MIP) = 3.7 MeV/cm
* 3.7 eV for e-hole pair 100ergs MeV MIP - gram

= = 10* ¢/MIP (for 100um dep.) trad gram  1.6-10° ergs 2MeV -cn’ 3-110° MiPs per cm
e MIP 1 C nC
= S =10 23,1107 — " 1.6-107 = £ 50—~
MIP cm” -rad e rad-cm

=8,y = 50 nC/rad for 1em? Diode
= Fast: =2 -20ns
Mobility p,= 1350 cm?/(Vs)
Whore = 450 cm?/(Vs)
= Efficiency € > 80%
= Works like an Ton Chamber (current mode)

e ®
/- DESY
] d )
HELMHOLTZ .
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I Spectrum of the deposit energy in the PIN Diode

Use as counter:

£10000¢"
Enough signal to detect by MIPs (Source: !%Ru; max. 2 MeV B)
1 MIP! f \
=~ 10* e/MIP (for 100um dep.) f \
1 rad/s = 3.1-107 MIP/s/cm? A
= ¢-31 MHz/cm? I "l,
oise "I I?‘
He
\ ¥
|"fh\“’ WN-'W\':JW
i 'M'-\W\. .
J0keV Eep
threshold The typical Landau distribution of energy loss in the

100 micron depletion layer of the PIN Diode

17
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DESY BLM with lead hat (removed)
on top of a sc quadrupole

The view into the 6.3 km long HERA tunnel shows on top the superconducting
magnets of the proton storage ring and at the bottom the electron storage ring.

f- PIN Photodiodes to satisfy the special conditions in HERA .8 -

et (o) e
6000F . e — : B
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PIN Photodiodes to satisfy the special conditions in HERA 2@ -

] 4 L
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Coincidence technique: SR-Photons
stop in one or the other diode and are Photon
not counted!

MIP

Efficiency to MIPs (measured): €, .= 30% \
* 1 count = 0.1 purad (MIPS, lcm? Diodes) ' ‘ D l
+Very low noise: - :

+Dark count rate <0.01 Hz = S ;

+max. count rate > 10.4 MHz J T

W00 microns
depletion layer

+Very high dynamic range: >10°

+Insensitive to synchrotron radiation E_; = keV
+Efficiency toy: g, = 3.5 - 10 nst
+Coincidence + lead: <0.1 Hz at

vy dose of 150 rad/h (e- ring at max.)

+ PIN Diodes + amplifiers were tested up to
108 rad without significant radiation damage;
13 years successful in HERA

- complete saturation if count rate =~ 1 count/ bunch

——> More see handouts

1. Conclusi D%
/f; onclusion _"';.\.

HELMHOLTZ
GEMEINECHAFT

Devices using Ionization:

+ Simple, robust

+ Radiation hard Sensitivity:

+ Cheap Ion Chambers: =500 nC/rad (11tr)

+ Calibrated PIN Diode: = 50 nC/rad for 1cm? Diode
- Slow

- (current mode ~ ps, except PIN-Diode (but due to small area=> insensitive)
- (counting mode ~ ms)
- cannot measure bunch by bunch losses (except PIN Diodes in current mode)

= Needs external amplification
= Moderate sensitivity (need to integrate the signal)

=> Need of bunch by bunch loss determination (<1 ps) (e.g. Linacs)
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Secondary Emission Monitors .8 -

r .‘l
Useful at very high radiation areas, very radiation hard
=> Secondary Emission Monitors
(with or without amplification)
Electron emission from surface due to crossing charged particles
I +
Charges particle (MIP)

Efficiency about 4-5 %

Very linear!!!

- -—ém
i85
i 2

i ] I" ‘\l 5 ¥

E I H

[+ |

B N

Z II i . a

L !
Gas sealed (ion chamber, slow) or in high vacuum (SEM, fast) \ .
o 0 g i B ol a bty
/’ Lk
LHC gt
%1 -ﬂ‘? ﬂ Q‘? 04 ﬂBm , 018 1 1‘2 |IA |.I-
Integrated NEC 200 ns/div
foil
Figure 4: Time response to single bunch compared to ref-

<104 mbar erence ACEM detector (160 ns bunch of 2.16 x 1012 p+ at
< 1% ionization 14 GeV).
to avoid
nonlinearities

CLIC ! Secondary Emission Monitors .8 -

20



Secondary Emission Monitors

N

&
&=
=3
e
=

E

(C=mmn| NVCLEAR RADIATION DETECTOR TYPE: 9241

CAluminium Cathode Electron Multiplier)

Description
32 mm
Cathede; Aluminium.
Window; Boresillcate,

Uynodes; 10 linesar focused type with CsSb cecondary emittlng surfaces,
Baze; Bl4B.

This tube is a development from the THORN EMI 9302 photomultlplier for direct
measurenent of lonising radiation, in the MaV to GeV region, sssociated with
particle accelerators and nuclear reactors. It l¢ Intended as an alternative o
the use of an lonisation chamber with impreved linearity and response time over
& wide dynamlc range, The ftube also has a high resistance to radiation and Its
high gain capability renoves the reed for additional high galn amplifier steges.

| ENTJﬁ/ SEM£7 \s 5 7 L

11010 =DYNODES
11 =ANODE

5 ACEMs at FLASH collimators

F = FOCUSING ELECTRODE

SEY [#e-/protonizurface]

f SEM Sensitivity (MIPs) :

_100ergs MeV MIP - gram
gram 1.6:10°ergs 2MeV -cm’

=3.1-10" MIPs per cm®

sensitive surface @ = 3.2 cm = 8cm?

=> Sgpm = 2.5:108 MIPs/rad - 0.05 e/MIP - 1.6 110" C/ e = 2 pC/rad (- PMT;,)
oo7 . - - - -
_ oogf 1
2 w2 ] & oo . —Tfj[
_‘_\x E\., oAz | 1'005 - £ I I IJ‘:TJ_LJ--
b 5 & a0t b
; + . - T2 dats %’ ool ]
' §
. : | Sternglass formula |, E{Dm' ]
g 'E Data
he' € 0.02F —— —Geantd| -
107 k ‘E —fitDats
x ooif 1
PgeRRerTEE % o8 ] 1% : 25
10 e e R T Tl el e e Beam intensity [p+bunch] w10

w ot ot 1w 1wt w0t ™ " 1
Primary p+ anargy [aV]
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2. Conclusion bt

HEWHOL‘E . .
S Devices using SEM/Compton Diode:
+ Simple, robust, cheap
+ Radiation hard
+ very linear
+ Calibrated (watch the PMT gain!!!)
+ Very fast
* Needs external amplification
— Very moderate sensitivity (need to integrate the signal)
Sensitivity (MIPs):
Ion Chambers: =~ 500 nC/rad (11tr)
PIN Diode: ~ 50 nC/rad for 1cm? Diode
SEM: = 2pC/rad (- PMT,,,)
Compton diode = 4 nC/rad (photons only!) ﬁ::> See handouts

=> Need of sensitive bunch by bunch loss determination (< 1 ms) (e.g. Linacs

f y Scintillation counters ! B‘E.si
- 2
Hamolt e
Remember 1):
The amount of losses is proportional to the number shower particles
=> Fully absorption is not necessary.
=> Thin layer of scintillator is sufficient

+ Large area plastic scintillators and liquid scintillators are available
- Large inorganic crystals are expensive and small (NaJ, BGO, PbWO4, CsJ, ...)

* Mainly used for full absorption calorimeters in HEP-experiments
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Scintillation counters ?fe.s{
s .‘.

|

HELMHOLTZ

- N“Wbrganic scintillators are aromatic hydrocarbon compounds produced from benzenic cycles.
In organic scintillators, the mechanism of light emission is a molecular effect. It proceeds
through excitation of molecular levels in a primary fluorescent material which emits
bands of ultraviolet (UV) light during de-excitation. This UV light is absorbed in most
organic materials with an absorption length of a few mm, the scintillator is not transparent
for its own scintillation light. The extraction of a light signal becomes possible only by
introducing a second fluorescent material in which the UV light is converted into visible
light ("wavelength shifter"). This second substance is chosen in such a way that its
absorption spectrum is matched to the emission spectrum of the primary fluor, and its
emission should be adapted to the spectral dependence of the quantum efficiency of the
photocathode "PM". These two active components of a scintillator are either dissolved in
suitable organic liquids or mixed with the monomer of a material capable of
polymerization (“Plastic”). It is possible to obtain emission spectrum with a maximum
wavelength in the range 350-500 nm. For example, anthracene has a maximum wavelength
of about 450 nm. Organic scintillators can also be of liquid type. It is relatively easy to add
material to increase their efficiency for a specific application. For instance, the efficiency of
liquid scintillator for neutron detection can be increased by adding boron which has a large
cross section for neutrons.

And it is easy to cut or form “Plastic Scintillators” to nearly any
shape.

Review of Radiation Detectors; Claude Leroy; 4th International Summer School and Workshop on Nuclear Physics Methods and
Accelerators in Biology and Medicine, Prague, Published in AIP Conf.Proc.958:92-100,2007.

/f; Scintillation counters

HELMHOLTZ

ot Examples of scintillator-PMT coupling with a light guide

P Scintillator with
| = DCintillatonr . . .
tighl guide Plexiglass light guide

p=LLight guide

1 .

oM aluminum foil

e Z)
Phowsgathode

PMT

black plastic foil
adhesive tape and
test pulse LED

Fig. 9.5. Example of sciniillator-
PM coupling with 4 light guide

Note that the flux density of photons into the light guide is

“incompressible” !
=> The cross section of the scintillator should not be larger than the .
cross section of the light guide B. Michalek
(DESY)
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/ photons

MR

The light L produced by a particle of

1em energy in a scintillator is for small dE/dx
Scintillator (Plastic PYT = Polyvinil Toluene (e.g. for MIPs):
+ fluorescent argent} dL/dx = Ry dE/dx, where Ry is the ratio of

Minimum lonising Particle the average number of emitted photons to
dEfdX =2 MeVicm  the energy of the incident radiation

* M.LP. = Minimum lonizing Particle

T ot absorbed by the scintillator
Light guide
e | NE102A: /R, = 100 eV/photon

(PM must be out of magnetic fisld 20000 Photons o inillation light is transported from

Opticl the scintillator layers to the photosensitive
Contact

device via light guides with about
€.on = 060% efficiency (internal multiple

12000 photons reflections).
PM HOUSING AND 3600 photoelectrons
\
ELECTROMAGNETIC SHIELDING
Electron .
LRl muitiplier Photocathode efficiency: €~ 30%

PMT,,;, =10°-10%

gain

PMT: Photoelectrons are accelerated to
10°-10° ¢ first dynode. Tube has some 8-15

OUTPUT dynodes with large (>>1) SEM coeff.

/4 ns20 mAat50 0 gives 1 Volt
i The shape of the scintillation pulse is
characterized by a fast rise time of the order of
1 ns and a decay time of a few ns.

Ref. V Agoritsas, CERN PE-ED 001-92, rev. Nov. 1994

7

HELMHOLTZ
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Emission

Reiative

Emission spectrum of NE102A

Scintillation counters B‘E.si
)

Spectral response of a PMT photocathodes

photomultiplier spectral response curves

— iy -
o AL

\

NEI1DO2A

quantum efficiency QE (%) %
T

10 \N
! . N
N ‘*\
NL IS
I | L 0
420 460 250 450 650 850
AN fnm) wavelength, &, nm
s il ElI —green enhanced Dialkall eS20 - multialkal
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f | Scintillation counters |

HELMHOLTZ
Plastic (NE102) Liquid (BC-501A)
25x16x2 cm? 950 cm® (= 11tr)
Rad sensitivity (1/e) = 1 Mrad ~ 10 Mrad

Density p: 1.032 g/em? 0.874 g/cm?
Light output R: 0.01 photon/eV | 0.013 photon/eV

(CsJ(TI):
e . Rs =0.06 photon/eV,
Sensitivity: p=44 g/cpms
poor rad hardness)

Irad

\
m 830g- leV R ~6-10" photons -

W 1.6-10™"erg rad

-19
5 6.10" photons elctrons | 1.6-107°C MT uC
Scint — ' "Ceoll " Ccath ’ ’ gain = 17 ) PMTgain
rad photon | electron rad
+10 T T T T T T T T T T T
‘ [
/_— ‘\./
/" TYPE NO. : R2050 DESY
- PULSE WIDTH : 50 cr
104 108 REPETITION H.ATE(:nf)(kHZ) /.\.
0
% Z =~
A z
4 2
100 108 E
E ¥ i é 1800V 2500V
= s >
< | ANODE LUMINOUS L/ - 1500V 2200v |
> e SENSITIVITY, A1 07
T
= 7 d
E
w
i i 00 % Rl 101 109
2
] ANODE PEAK CURRENT (mA)
= pd
3 1 7 7 108 Figure 4-23: Voltage dependence of linearity
W 7
5] o
g =
< o / GAIN(CURRENT | 404 = o
717 ‘AMTUTCTT\TTH ] B ol A
2 SIGMAL 5 JII -
eyt
o A T, 1 5 by,
200 300 500 700 1000 1500 ] )
SUPPLY VOLTAGE (V) g A
3 0. ’4 Jr)’
[ p DARK
Figure 4-13: Gain vs. supply voltage g o // CURRENT
ER S
PMT-Gain depends on HV => Need stable PS 7 L, o e
. . .. . % OrLY THEAMD
Without gain variation=> Dynamic range 103 : s \mlmsm_[
Io’“znn 00 500 1000 1500 2000

'ndf/

SUPPLY VOLTAGE (V)

catsandguides/PMT_handbook v3aE.pdf

Figure 4-38: Typical dask curreid vs. Supply voltnge chameerstic
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Scintillator assemblies and e ®

installations in FLASH e

LED for testing the functionality of the BLM
Otherwise => No BLM signal =
A okay for MPS ¥

-- einzelner Bunch

--- 10 Bunche

integrierte
Verluste

here 100 bunches

f Change of light transmission due to radiation %e.s{
HELMQ[:Z .!.\.
Ly A e e
-=- —-Ede ¢ bvBop & byapiacome
E- ].'. Sample name By+yray | By protonbeam loss
'-E it [kGv] [kGyl
i) FoE T Plastic Scintillator 1100 230
§ IR
L; an=S=ul The radiation Dose which makes 1/
= o0 reduction of the original transparency
0 ! 2 S. Goulding, R.H. Pohl 1972
Accumulated Dose (Gy) i
o Reviewing relevant papers is an essential
=> Radiation Hard part of any survey. In this case, we feel rather
Scintillator: like the schoolboy asked to discuss the color of
e.g. Liquid Scintillators vater. lle recalled reading of "the blue Med-
|1'terrnnem", "the green lagoons of the south-seas"
the gray Baltic Sea", and "the blood-red ocean
reflecting the setting sun", Naturally, he con-
cluded that the color of water depends on both
the tine and place of cbservation! The literature
on radiation damage in detectors could well lead
to an’equally valid conclusion, _




Some other light based BLM Types: | Cherenkov light 0@
‘e

| ]
HELMHOLTZ
GEMENSCHAFT

Cherenkov effect: Occurs when the velocity of a charged particle traversing a
dielectric medium is faster than the speed of light in that medium. Photons are
emitted at an angle defined by the velocity of the particle 3 and the refraction
index n of the medium. The light can be focused on PMT to build an BLM.

menwadrﬂi=24rasm?®-l""L
dx A A

cos® = ﬁ with #>1/n;=1/137.036 and 4, = wavelength interval

dN . hotons
Photocathode sensitive at 350-500 nm=>——=390-sin’ © pnotons
dx cm
f Cherenkov light ‘ .0
HEL’{U‘I d . 2
GEMEINECHAFT i 4’
]
L=390. 2O photons ) e A \ L P
: o e
. f @"' i
Assuming
MIPs: => B=1

Fused silica: => n= 1.55 => © = 49.80=> 227 photons/cm
€.o1 =30% (only for directed light!!), ¢ ., = 30%

A detector of 10x10x10 cm? (1 ltr.)

107 \
3.1 1? MIPs» 227 1000em? = 7-10" photons
m*-rad " MIP rad

’ good radiation hardness ‘

-19
SChe =7-10" phOtonS “Eeoll " Ecath Lo 1(3 < ’ PMTgain = 270£ P'\/I-rgain
rad rad
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/f; 3. Conclusion EE:Sf

e Devices using Scintillation/Cherenkov light:

+ Very high sensitivity (Scintillation)

+ Radiation hard (Cherenkov)

+ Very fast

+ Huge variation of shapes possible (Scintillator)
— Expensive (PMT + HV)

— Calibration: PMT gain has to be stable (drifts)
— Moderate radiation hardness (Scintillator)

* Needs photon-to-charge converter (PMT, APD, PIN, ...)

Sensitivity S (MIPs):
Ion Chambers: = 500 nC/rad (1ltr)

PIN Diode: ~ 50 nC/rad for lcm? Diode
SEM: =~ 2pC/rad (- PMT,,,) (8cm?)
Compton diode = 4 nC/rad (photons only!)
Org. Scintillator = 17 pC/rad (- PMT,,;,) (1 Itr.)
Cherenkov ~270 nC/rad (- PMT,,)) (1 Itr.)
i i @ -
/f-: Cerenkov light in PMT glass 5%

. JLAB FEL: detect Cerenkov light in PMT glass
* cheap 931B PMT, mainly blue sensitive

» quite radiation tolerant, darkening of glass compensated by HV
(~10% HV change needed this far)

cheap housing (1.5" plastic water pipes)

controls strong beam losses

not sensitive enough for
,nhormal losses*

Kevin Jordan, JLAB




THE CHERENKOV EFFECT IN OPTICAL FIBERS. °®
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There are two major issues to address when
considering the Cherenkov effect in single
quartz optical fibers.

1) the light yield caused by the passage of a ; :
single charged particle in a fiber. 3 \ TN
2) the probability of survival of the emitted (. . N A4
photons. . k
Cherenkov cone for =1 particles is ® =~ 47°, e
The condition for capture and transport down o
the fiber is given by: t J—

Particie
Irigectony ™. Y
aj

. n
&> ar sin| —%4
core

and £ depends on (shower) particle trajectory. | ' .

3 3 B S
VNeore =Netag = NA Numerical Aperture = 0.3 ?

(/7  THE CHERENKOV EFFECT IN OPTICAL FIBERS. ' 5¢/

HELMHOLTZ
GEMENSCHAFT

The distribution of photons
trapped inside a fiber as a
function of the impacting
particle's angle o and impact
parameter b. NA =0.37

Number of Photons




3

:

A Beam Loss Monitor (BLPM) based on Cerenkov light in optical
fibers allows real time monitoring of loss location and loss
intensity like in PLICs. The fast response of the Cerenkov signal is
detected with photomultipliers at the end of the irradiated fibers.

> itEnsITY

INTEGRATOR

Using high purity quartz fibers (suprasil):
* Only Cherenkov emission,
* n=1.457,
« withstand 30 -10° rad,

Scintillating fibers are very sensitive
PHOTODETECTOR to radiation (1/e at ~108 rad)---
Q IRRADIATION FIBER OPTICAL CABLE * Give about factor 1000 more light ---

* ]

= rosiTion

TIME MEASUREMENT

\

ACCELERATOR

ev/

3

HELMHO

Fibers embedded in FLASH
undulator vacuum
chamber

i

U. Hahn

ev/
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&

| Optical fibers (Cherenkov light)]|

Along accelerator (TTF)

0.0
0.2
0.4
0.6
0.84—

PM,,; [mV]

,
7
;

0 100200 300 400 500E
Time [ns]

! 400

DESY

Longitudinal loss profile
and transversal loss position

Beam

600 -

200

Light travelling speed ~0.66-c
Position resolution = 1 ns = 20 cm
Some km long fibers possible

—— PMT Channel 1
—— PMT Channel 2

PMT Channel 3
—— PMT Channel 4

T L

350 400

Screen Quad Pump Quad Screen Quad Pump  Quad

z

HELMHOLTZ
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4. Conclusion

For MIPs; without (tube-) amplification:

Detector Material energy to number of [e / (cm Sensitivity S (for
create one MIP)] (depends on MIPs) [nC/rad]
electron [eV/e] | dE/X, resp. density)
Plastic Scintillator: | 250 — 2500 103 - 104 =17-103 (- PMT;,)
(1 lItr.)

Inorganic Scint. 50 - 250 104 -10° =100-103(- PMT,;,)
(1 Itr)

Gas lonization: 22 -95 ~100 (Ar,1 atm., 20°C) | =500 (- Elec,,)
(11tr)

Semiconductor 3.6 108 = 50 (- Elecyy,)

(Si): (1 cm? PIN-Diode)

Secondary 2-5%/MIP 0.02-0.05 e/MIP =2103 (- PMT,;,)

emission: (surface only) (8cm2)

Cherenkov light 105 - 108 ~10 (H,0) -200 (fused | =270 (- PMT,;,)

silica) | (1 Itr.)
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Ion chambers

Beam Loss Calibration Studies for High Energy Proton Accelerators, Thesis, Markus Stockner, TUt Wien, Genf, Oktober 2007

Beam loss monitoring system for the LHC, E.B. Holzer et al. CERN-AB-2006-009 , IEEE, Volume 2:1052 — 1056

Design of an Improved Ion Chamber for the SNS; R. L. Witkover. and D. Gassner, BNL, 10th BIW, NY May 6 - 9, 2002

Spallation Neutron Source Beam Loss Monitor System, D. Gassner et al.; PAC2003, Portland, Oregon.

The LHC Beam Loss Measurement System; Bernd Dehninget al.; (CERN, Geneva) PAC 07, New Mexico, USA.

THE TEVATRON BEAM POSITION AND BEAM LOSS MONITORING SYSTEMS.R E.Shafer et al.; 12th HEACC

RHIC Beam Loss Monitor System Design; R.L. Witkover, E. Zitvogel, R. Michnoff,; BNL, PAC97
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%2010n%20Chambers.ppt
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A Tutorial on Beam Loss Monitoring, R.E. Shafer, Proc. 10th BIW, 2002
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Medicine, Prague, Published in AIP Conf.Proc.958:92-100,2007.

Beam Loss Monitoring and Control, Kay Wittenburg, DESY, EPAC02
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ELBE Annual Report 2002, FZR-375 April 2003
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PIN Diodes

THE PIN-DIODE BEAM LOSS MONITOR SYSTEM AT HERA, K. Wittenburg (DESY). BIW2000, AIP Conf. Proc. 546, 3 (2000)

Reduction of the Sensitivity of PIN Diode Beam Loss Monitors to Synchrotron Radiation by Use of a Copper Inlay, K. Wittenburg, DESY HERA 96-06
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Secondary Emission Monitors:
EMI Aluminum Cathode Electron Multipliers: CERN TESTS. V. Agoritsas and C. Johnson; CERN MPS/CO Note 71-51, (1971)
Nuclear Radiation Detector Type 9841 (Aluminum Cathode Electron Multiplier), Thorn EMI, Technical Data sheet; (1989)
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The LHC Beam Loss Measurement System, B. Dehning et al., (CERN, Geneva), PAC 07, Albuquerque Convention Center, New Mexico, USA
Beam loss monitoring at the CLIC Test Facility 3; T. Lefevre,et al., EPAC'04, Lucerne, Switzerland
Theory of Secondary Electron Emission by High-Speed Ions, E.J. Sternglass, Phys. Rev. 108(1957)
Compton Diodes:
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Compton-Detektoren als Strahlverlustmonitore (BLM), J. Teichert: ELBE Palaver am 17.01.2002.
Sintillators:
Accelerator radiation measurements, Beam Loss Monitors, Low energy beam detectors V Agoritsas, CERN PE-ED 001-92, rev. Nov. 1994
Review of Radiation Detectors; Claude Leroy; 4th International Summer School and Workshop on Nuclear Physics Methods and 1 in Biology and Medicii
Prague, Published in AIP Conf.Proc.958:92-100,2007.
High Speed Beam Loss Monitor and its Deterioration by Radiation, T. Kawakubo et al., (EPAC'04),Lucerne, Switzerland
Spallation Neutron Source Beam Loss Monitor System, D. Gassner et al.; PAC2003, Portland, Oregon.
Experience from the commissioning of the FLASH machine protection system.L. Frohlich, future light sources workshop (FLS), Hamburg, Germany, May 2006.
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Cherenkov fibers
QUARTZ FIBER CALORIMETRY, P. Gorodetzky, et al. Nucl.Instrum.Meth.A361:161-179,1995
Fast-response Beam Loss Monitor/ Kawakubo, T et al, KEK-Preprint-2000-129.
BEAM LOSS POSITION MONITOR USING CERENKOV RADIATION IN OPTICAL FIBERS. M. Korfer et al., DIPAC 2005), Lyon, France, 6-8 Jun 2005.
Radiation Detection by Cerenkov Emission in Optical Fibers at TTF; E. Janata, M. Kérfer, Tesla-Report 2000-27
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L
DESY

BLM-systems are multi-faceted beam instrumentation tools, which opens a wide
field of applications. A precondition is a proper understanding of the physics of the
beam loss to place the monitors at their adequate positions.

BLM

Beam Loss

Strahlungsquelle ELBE
http://www.fz-rossendorf.de/FWQ/
ELBE-Palaver u.a.

P. Michel: Strahlverlustmonitore fiir ELBE

7
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Reserve slides

f PIN Photodiodes to satisfy the
]
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special conditions in electron machines ".s"
DESY
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Compton Diode
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Short Tonization Chamber 2@ -
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Short ionization chambers are used in many accelerators.
An early example of an Air filled Ionisation Chamber is the
AIC proposed in 1966 in Ref. 12 (Fig. 1). 100 AICs were
installed in the CERN-PS. Each chamber had a volume of
about 8000 cm? and used a multi-electrode layout to reduce
the drift path, and hence the recombination probability, of the
ions and electrons, with the goal of improved linearity. A
dynamic range of 10° was obtained.

The TEVATRON relies on 216 Argon filled glass sealed
coaxial ionization chambers to protect the superconducting
magnets from beam loss induced quenches. The volume of
each chamber is 110 cm3. Most are positioned adjacent to
each superconducting quadrupole. An Ar-filled chamber has
the advantage of a better linearity because of a lower
recombination rate than in AICs. Modified versions at RHIC
and SNS.
LHC needs a dynamic range of 108! => Shorter path of

ionization products to avoid recombining. 1.5 Itr N, Air Tonisation Chamber at the

PS (1968). The cover is
removed

f Short Ionization Chamber .0
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ﬁ Lifetime limitations

Touschek effect: Particles inside a bunch perform transverse oscillations
around the closed orbit. If two particles scatter they can transform their
transverse momenta into longitudinal momenta. If the new momenta are
outside the momentum aperture the particles are lost. Good locations for
the detection of Touschek scattered particles are in high dispersion
sections following sections where a high particle density is reached. Since
the two colliding particles loose and gain an equal amount of momentum,
they will hit the in- and outside walls of the vacuum chamber. In principle
the selectivity of the detection to Touschek events can be improved by
counting losses at these locations in coincidence.

>

the vacuum chamber.

Coulomb scattering: Particles scatter elastically or inelastically with residual
gas atoms or photons or emit a high energy photon (SR). This leads to betatron
or synchrotron oscillations and increases the population of the tails of the
beam. If the amplitudes are outside the aperture the particles are lost. Losses
from elastic scattering occur at aperture limits (small gap insertions, septum
magnet, mechanical scrapers and other obstructions). If, in an inelastic
Coulomb collision, the energy carried away by the emitted photon is too large,
the particle gets lost after the following bending magnet on the inside wall of

Beam divection

37



