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Typical beam parameters and instruments (1/2)

Beam parameters Instuments
LINAC & transfer line Synchrotron

Current I General

Special

Transformer, dc & ac
Faraday Cup
Particle Detectors

Transformer, dc & ac

Pick-up Signal (relative)

Profile xwidth General

Special

Screens, SEM-Grids
Wire Scanners, OTR Screen

MWPC, Fluorescence Light

Residual Gas Monitor 
Wire Scanner, 
Synchrotron Light Monitor 

Position xcm General
Special

Pick-up
Using position measurement

Pick-up

Transverse Emittance εtrans General

Special

Slit-grid
Quadrupole Variation
Pepper-Pot 

Residual Gas Monitor
Wire Scanner
Transverse Schottky

P. Forck, CAS2013



Typical beam parameters and Instruments (2/2)
Beam parameters Instruments

LINAC & transfer line Synchrotron
Bunch Length Δφ General

Special

Pick-up 

Secondary electrons

Pick-up
Wall Current Monitor
Streak Camera
Electro-optical laser mod. 

Momentum p and 
Momentum Spread Δp/p

General
Special

Pick-up (Time-of-Flight)
Magnetic Spectrometer

Pick-up (e.g. tomography)
Schottky Noise Spectrum

Longitudinal Emittance
εlong

General
Special

Buncher variation
Magnetic Spectrometer Pick-up & tomography 

Tune and Chromaticity Q, ξ General
Special

---
---

Exciter + Pick-up
Transverse Schottky Spectrum

Beam Loss rloss General Particle Detectors
(Ionization chambers,  PIN diodes, Optical fibers)

Polarization P General
Special

Particle Detectors 
Laser Scattering (Compton scattering)

Luminocity L General Particle Detectors

• Destructive and non-destructive devices depending on the beam parameters
• Different techniques for the same parameters <--> Same techniques for the different parameters

P.Forck CAS2013



Beam intensity monitor



Passive Transformer (Fast Current Transformer : FCT)
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Passive Transformer (or Fast Current Transformer FCT)

Simplified electrical circuit of a passively loaded transformer:

A voltages is  measured: U = R · Isec = R /N · Ibeam ≡ S · Ibeam

with S sensitivity [V/A], equivalent to transfer function or transfer impedance Z

Equivalent circuit for analysis of sensitivity and bandwidth

(disregarding the loss resistivity RL)
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Adapt Droop Time with Active Transformer"

s 

H↓I =# J/K↓L ∕N+ K↓J  ≈J/
K↓J   

!  Use a trans-impedance amplifier 
(current-to-voltage converter) for 
observation of beam pulses > 10 μs, 
e.g. at pulsed LINAC !

!  Droop time constants of up to 1s!
!  Longer rise times as well (to reduce 

high frequency noise of the amplifier!

P. Forck, JUAS!

H. Koziol, CAS!

Bunch trains:!
!
•  Equal areas!
•  Baseline shift proportional to intensity!

Add (long) cable to current transformer: add cable 

resistance, capacitance and inductance: 

Current Transformer 

USPAS09 at UNM  Accelerator and Beam Diagnos4cs  19 

€ 

τ droop = L /(Rf /A +RL ) = L /RL

Ac4ve Transformer: use a trans‐impedance circuit to lower the load 

impedance.  € 

 τ rise = LsCs
 

τ droop = L /(R +RL )

[1] 

[1] 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Adapt Droop Time with Active Transformer"

s 

H↓I =# J/K↓L ∕N+ K↓J  ≈J/
K↓J   

!  Use a trans-impedance amplifier 
(current-to-voltage converter) for 
observation of beam pulses > 10 μs, 
e.g. at pulsed LINAC !

!  Droop time constants of up to 1s!
!  Longer rise times as well (to reduce 

high frequency noise of the amplifier!

P. Forck, JUAS!

H. Koziol, CAS!

Bunch trains:!
!
•  Equal areas!
•  Baseline shift proportional to intensity!

H.Koziol CAS



Active Transformer with long droop time
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‘Active’ Transformer with longer Droop Time

Active Transformer or Alternating Current Transformer ACT:
uses a trans-impedance amplifier (I/U converter) to R | 0 : load impedance i.e. a current sink 

+ compensation feedback 
� longer droop time τdroop

Application: measurement of longer t > 10 μs e.g. at pulsed LINACs

The input resistor is for an op-amp: Rf/A << RL

� τdroop = L/(Rf /A+RL) ≃ L/RL

Droop time constant can be up to 1 s!

The feedback resistor is also used for range 
switching.

An additional active feedback loop is used to compensate the droop.

and rise time !"#$%



DC beam Current Transformers (DCCT)
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!  DC current dB/dt = 0 � no voltage induced!
!  Use two identical toroids!
!  Take advantage of non-linear magnetisation curve!
!
!  Modulation of  

opposite sign  
drives toroids into  
saturation!

!  Sense windings  
measure the modulation  
signal!
!  Signals from the two  

toroids cancel each  
other as long as  
there is no beam!

DCCT: DC Beam Current Transformer"

B

I 

P. Forck, JUAS!

L. Groening, Sept. 15th, 2003GSI-Palaver, Dec. 10th, 2003, A dedicated proton accelerator for  p-physics at the future GSI facilitiesPeter Forck, JUAS Archamps  Beam Current Measurement 14

How to measure the DC current? The current transformer discussed sees only B-flux changes.
The DC Current Transformer (DCCT) → look at the magnetic saturation of two torii.

14

¾Modulation of the primary windings 
forces both torii into saturation 
twice per cycle
¾ Sense windings measure the 
modulation signal and cancel each other. 
¾ But with the Ibeam, the saturation is 
shifted and Isense is not zero
¾ Compensation current adjustable 
until Isense is zero once again

The dc Transformer

P.Forck JUAS

K.Uncer(CERN1969)~
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Faraday Cups for Beam Charge Measurement

The beam particles are collected inside a metal cup
� The beam’s charge are recorded as a function of time. The cup is moved in 

the beam pass →
destructive device

Currents down  to 10 pA with bandwidth of 100 Hz!

Magnetic field:
To prevent for secondary electrons leaving the cup
and/or
Electric field: 
Potential barrier at the cup entrance.

L. Groening, Sept. 15th, 2003GSI-Palaver, Dec. 10th, 2003, A dedicated proton accelerator for  p-physics at the future GSI facilitiesPeter Forck, JUAS Archamps  Beam Current Measurement 25

Faraday Cups for Beam Charge Measurement

The beam particles are collected inside a metal cup
� The beam’s charge are recorded as a function of time. The cup is moved in 

the beam pass →
destructive device

Currents down  to 10 pA with bandwidth of 100 Hz!

Magnetic field:
To prevent for secondary electrons leaving the cup
and/or
Electric field: 
Potential barrier at the cup entrance.

Currents down to 10 pA with bandwidth of 100 Hz! 
To prevent for secondary electrons leaving the cup 
Magnetic field and/or Electric field
for potential barrier at the cup entrance 

The beam particles are collected inside a metal cup 
The beam’s charge are recorded as a function of time. 

Faraday Cups

GSI Faraday cup
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!  Measurement of the beam’s  
electrical charges"
!  Low energies only!
!  Particles are stopped in the  

device  
" Destructive!

!  Sensitive to low currents: 
down to 1 pA can be measured!

!  Creation of secondary electrons  
of low energy (below 20 eV) !

!  Repelling electrode with some  
100 V polarization voltage  
pushes secondary electrons  
back onto the electrode!

!  Absolute accuracy:!
!  ≈ 1% (some monitors  

reach 0.1%)"

Faraday Cup"

Faraday Cup at GSI LINAC, P. Forck, JUAS!

CERN "GSI"



Faraday Cups : repelling voltage

Electro-static Field in Faraday 
Cup 

 

In order to keep secondary 
electrons with the cup a repelling 
voltage is applied to the polarization 
electrode 

Since the electrons have energies of 
less than 20 eV some 100V 
repelling voltage is sufficient 

12 U. Raich,  CERN School of Accelerators, Chavannes 
2013/14 

Electro-static Field in Faraday 
Cup 

 

In order to keep secondary 
electrons with the cup a repelling 
voltage is applied to the polarization 
electrode 

Since the electrons have energies of 
less than 20 eV some 100V 
repelling voltage is sufficient 

12 U. Raich,  CERN School of Accelerators, Chavannes 
2013/14 

Energy of secondary emission 
electrons 

• With increasing repelling voltage 
the electrons do not escape the 
Faraday Cup any more and the 
current measured stays stable. 

• At 40V and above no decrease in 
the Cup current is observed any 
more  
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Energy of secondary emission 
electrons 

• With increasing repelling voltage 
the electrons do not escape the 
Faraday Cup any more and the 
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• At 40V and above no decrease in 
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Beam position monitor
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Electrostatic Position Monitor – The Principle
•Intercept “beam image current” in the vacuum chamber 

on two isolated (capacitive) pickups. 
•shoebox pickups, stripline directional couplers.... 

•Use RF electronics to shape the signals

•Digitize the individual pickup signals 
•Compute the position from the pickup-signal difference 

•Linearize the pickup response 

R. Jones CAS2017



Pick-up position monitor with triangular electrodes 

2.2.2 ビーム位置測定の原理

シンクロトロンに用いられる三角電極型ビーム位置モニターの原理について述べる。図 2.5
に示すように、三角電極型ビーム位置モニターは幅W、長さ L の箱型電極を対角線上に入れ
たスリットで 2分割した形状であるとする。

Pick-up Voltage

Triangular Electrode

Beam Bunch

図 2.5 三角電極型ビーム位置モニターの概念図

ビームが電極の端から xだけずれた位置を通過するとき、各電極に誘起される電荷量 q1、q2

は、

q1 = enl1 = en(L－ x tan θ) (2.27)

q2 = enl2 = enx tan θ (2.28)

となる。ここで、eは 1個の荷電粒子がもつ電荷量、nはビームの単位長さ当たりの荷電粒子
数、l1、l2 は各電極におけるビーム通過距離、Lは l1と l2 を合わせた電極の長さ、θ は電極分
割の角度である。q1、q2 は各電極と真空チェンバー間の誘起電圧 V1、V2 として読み出すこと
ができる。誘起電圧 V1、V2 は V = Q/C の関係より明らかなように各電荷 q1、q2 に比例す
る。したがって、変位 x は次式のように V1、V2 の比を用いて表すことができる。

x =
1
2
L tan θ

(
V2 − V1

V2 + V1
+ 1

)
(2.29)

式 (2.29) の右辺はビームの強度に依存しない為、変位 xを V1、V2 の比から求めることができ
る。また、誘起電圧 V1、V2 は電極と真空チェンバー間の静電容量 C とビームの電荷量により
決まる。
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“Shoebox” pick-up monitor

 

Linear cut through a shoebox

UL UR

Diagonally-cut
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!  ΔU gives linear position reading (no  
geometric correction)!

!  Condition: Linear cut: projection on the  
measurement plane must be linear:!

!
!
!  Various geometries  

have been built,  
example from GSI  
optimization study  
(P.Kowina et al., 
DIPAC 2005) !

Shoebox Pick-up"
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Shoe-box BPM for Proton Synchrotrons

Frequency range: 1 MHz < frf < 10 MHz � bunch-length >> BPM length.

Signal is proportional to actual plate length:

In ideal case: linear reading 

U
U

a
UU
UU

ax
leftright

leftright

6
'
�{

�
�

� 

Shoe-box BPM:
Advantage: Very linear, low frequency dependence

i.e. position sensitivity S is constant
Disadvantage: Large size, complex mechanics

high capacitance

Size: 200x70 mm2
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Calibration is required before installing.

Usage: proton synchrotron
frf < 10MHz



Simulatenous horizontal and vertical measurement
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• Horizontal and vertical position at once
• 4 electrodes



Fig. 17: Left: Linear-cut BPM in cylindrical geometry, Right: Wounded strip geometry, see [13, 14].

the projection of the cut between adjacent electrodes on the vertical and horizontal planes is a diagonal
line. An example of a cylindrical BPM is shown in Fig. 17, left, which has comparable properties to the
rectangular counterpart. An alternative geometry made of wounded strips is shown in Fig. 17, right. The
advantage of this wounded strip geometry is the equal length and coupling capacitance for all electrodes.
In addition such electrode configuration allows to mount all feed-through at the same distance from
the point where electrodes are fixed to the BPM chassis as it is important for a cryogenic environment.
However, one has to be cautious since the coupling between orthogonal electrodes leads to a significantly
horizontal-vertical coupling [14]. A variation of this wounded strip geometry is discussed e.g. in [4].

4 Button BPM
Button BPMs consist of an insulated metal plate of a typical diameter from several mm to several cm.
They are used at proton LINACs, cyclotrons as well as at all types of electron accelerators, where the
acceleration frequency is in most cases 100 MHz < facc < 3 GHz, which is higher as for proton syn-
chrotrons. The length of the bunches is correspondingly shorter, becoming comparable to the length of
typically 10 cm of a linear-cut BPM. Shorter intersections are required with the advantage of a compact
mechanical realization. A typical installation is shown in Fig. 18, where the four buttons surround the
beam pipe. With a short pin the pick-up plate is connected to a standard rf-connector outside the vacuum.
The transition from the button plate to the connector as well as the ceramic support of the vacuum parts
have to be designed for low signal reflection, which becomes important at the GHz frequency range. In
particular, the signal path towards the analog electronics has to obey the coaxial 50 Ω matching. Due to
the 50Ω coupling, the derivative of the beam current is recorded as discussed for Eq. 11. The capacitance
of a single button is in the order of 1 to 10 pF, leading to a highpass cut-off frequency of 0.3 to 3 GHz.
Together with the typical size of Ø 5 to 20 mm the transfer impedance |Zt | above cut-off frequency is 0.1
to 1 Ω.

The small size of the button and the short vacuum feed-through allows for a compact installation
and is one reason for large proliferation at many accelerators. The cost of a button BPM installation
is much lower than of a linear-cut arrangement, which is an important aspect with regard to the large
amount of BPM locations along the accelerator.

4.1 Circular arrangement of button BPM
In the following a model for the estimation of the position reading from the buttons is presented. This
model is basically an electro-static assumption in a 2-dimensional geometry of a circular beam pipe, but
it leads to results comparable with numerical FEM calculations. According to Fig. 19 we assume a thin,
’pencil’ beam of current Ibeam which is located off-center by the amount r at an angle θ . The wall current
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have to be designed for low signal reflection, which becomes important at the GHz frequency range. In
particular, the signal path towards the analog electronics has to obey the coaxial 50 Ω matching. Due to
the 50Ω coupling, the derivative of the beam current is recorded as discussed for Eq. 11. The capacitance
of a single button is in the order of 1 to 10 pF, leading to a highpass cut-off frequency of 0.3 to 3 GHz.
Together with the typical size of Ø 5 to 20 mm the transfer impedance |Zt | above cut-off frequency is 0.1
to 1 Ω.

The small size of the button and the short vacuum feed-through allows for a compact installation
and is one reason for large proliferation at many accelerators. The cost of a button BPM installation
is much lower than of a linear-cut arrangement, which is an important aspect with regard to the large
amount of BPM locations along the accelerator.

4.1 Circular arrangement of button BPM
In the following a model for the estimation of the position reading from the buttons is presented. This
model is basically an electro-static assumption in a 2-dimensional geometry of a circular beam pipe, but
it leads to results comparable with numerical FEM calculations. According to Fig. 19 we assume a thin,
’pencil’ beam of current Ibeam which is located off-center by the amount r at an angle θ . The wall current
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Linear-cut BPM in cylindrical geometry Wounded strip geometry 



N−CONNECTOR

Fig. 18: Left: The installation of the curved Ø 24 mm button BPMs at the LHC beam pipe of Ø 50 mm, from [18].
Right: Photo of a BPM used at LHC, the air side is equipped with a N-connector as well as a technical drawing for
this type.

Fig. 19: Schematics for a button BPM and the image current density generated by a ’pencil’ beam at different
displacements r for an azimuth θ = 0.

density jim at the beam pipe of radius a is given as a function of the azimuthal angle φ as

jim(φ) =
Ibeam
2πa

·
(

a2− r2

a2+ r2−2ar · cos(φ −θ)

)

(19)

and is depicted in Fig. 19; see [16] for a derivation. As discussed above in Chapter 2.3, this represents
the proximity effect, where the current density depends on the distance with respect to the beam center.
The buttons covering an angle α and the image current Iim is recorded as given by:

Iim =
∫ +α/2

−α/2
a · jim(φ)dφ . (20)

The resulting signal difference for opposite plates as a function of horizontal beam displacement shows
a significant non-linear behavior as displayed in Fig. 20. This is improved by the normalization to the
sum voltage yielding a better linearity up to about half of the pipe radius a. However, this is inferior
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Button pick-up BPM

The installation of the curved Ø 24 mm button 
BPMs at the LHC beam pipe of Ø 50 mm.

L. Groening, Sept. 15th, 2003GSI-Palaver, Dec. 10th, 2003, A dedicated proton accelerator for  p-physics at the future GSI facilitiesPeter Forck, CAS 2017, Erice Beam Measurements and Instrumentation III17

Button BPM Realization

LINACs, e--synchrotrons: 100 MHz < frf < 3 GHz o bunch length | BPM length
o 50 : signal path to prevent reflections

Example: LHC-type inside cryostat:  
�24 mm, half aperture a=25 mm, C=8 pF 
� fcut=400 MHz, Zt = 1.3 : above fcut

Ø24 mm

From C. Boccard (CERN)
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Button BPM – example for synchrotron light sources

L. Groening, Sept. 15th, 2003GSI-Palaver, Dec. 10th, 2003, A dedicated proton accelerator for  p-physics at the future GSI facilitiesPeter Forck, CAS 2017, Erice Beam Measurements and Instrumentation III18

Button BPM at Synchrotron Light Sources

Example: Booster of ALS, BerkeleyThe button BPM can be rotated by 450 

to avoid exposure by synchrotron light: 

Frequently used at boosters for light sources
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P. Forck, CAS2017



Prototype BPM for ILC Final Focus
• Required resolution of 2nm (nano!) in a 6×12mm diameter beam pipe
• Achieved World Record (so far!) resolution of 8.7nm at ATF2 (KEK, Japan)

Today’s State of the Art BPMs

Courtesy of D. Lipka,
DESY, Hamburg

Courtesy of D. Lipka & Y. Honda



Beam profile monitor



Secondary Electron eMission (SEM) Grids 

Eva Barbara Holzer517. WE-Heraeus-Seminar, Bad Honnef October 17, 2012 34

 When the beam passes through, 
secondary electrons are emitted 
from a wire, proportional to beam 
intensity

 The current flowing back onto the 
wires is measured using one 
amplifier/ADC chain for each wire

 Very high sensitivity, semi-transparent

 Good absolute measurement

 Spatial resolution limited by 
wire spacing to <≈ 0.25mm

 Dynamic range: ≈ 106

Secondary Emission (SEM) Grids

E. Holzer CAS2012



Scintillation screens

E. Holzer CAS2012

Eva Barbara Holzer517. WE-Heraeus-Seminar, Bad Honnef October 17, 2012 35

 Typically for  setting-up with low intensities, thick screens (mm) 
 emittance blow-up

 Workshop in 2011 at GSI to look at resolution possible with various 
screen materials: http://www-bd.gsi.de/ssabd/home.htm

 Sensitivities of different materials vary by orders of magnitudes

→ see poster E. Guetlich

Scintillation Screens

Approximate values for inorganic scintillators

P. Forck, JUAS 

3.1 Scintillation screen

The most direct way of beam observation is recording the light emitted from a scintillation screen
intersecting the beam, monitored by a commercial video or CCD camera, see e.g. [27, 28] for an
overview. These devices are installed in nearly all accelerators from the source up to the target and is
schematically shown in Fig. 3.1 together with a realization where the pneumatic feed-through mounted
on a Ø200 mm flange.

movement

support

window

light

beam scintillation  screen

CCD camera

Figure 3.1: Scheme of a intercepting scintillator screen is shown left. On the right a photo from a
P43 phosphor scintillation screen of Ø70 mm and the CCD camera are mounted on a Ø200 mm flange
with pneumatic feed-through is depicted.

Figure 3.2: View of a Chromolux screen with a camera. The screen is illuminated by an external
light. The lines have a separation of 5mm.

40

• Typically for setting-up with low intensities, 
screen thickness (mm)

•Sensitivities of different materials vary by 
orders of magnitudes

Properties of inorganic scintillators

Eva Barbara Holzer517. WE-Heraeus-Seminar, Bad Honnef October 17, 2012 35

 Typically for  setting-up with low intensities, thick screens (mm) 
 emittance blow-up

 Workshop in 2011 at GSI to look at resolution possible with various 
screen materials: http://www-bd.gsi.de/ssabd/home.htm

 Sensitivities of different materials vary by orders of magnitudes

→ see poster E. Guetlich

Scintillation Screens

Approximate values for inorganic scintillators

P. Forck, JUAS 



Optical Transmission Radiation (OTR) screens

E. Holzer CAS2012
Eva Barbara Holzer517. WE-Heraeus-Seminar, Bad Honnef October 17, 2012 36

 Radiation emitted when a charged particle beam goes through the 
interface of two media with different dielectric constants

 Surface phenomenon allows the use of very thin screens (~10mm)

 much less intercepting, but requires higher intensity

Optical Transition Radiation (OTR) Screens

OTR Screen

Mirror

Intensifier -
CCD

Beam

Lens

Exit window

CERN SPS at injection

(~10µm)

for  electron accelerators



Wire scanners

ビーム

ワイヤ

ビーム

ワイヤ

4.1. リニアックのビームプロファイルモニタ 

4.1.1. ワイヤスキャナーモニタ(WSM) 

 
Fig. 2  WSM 検出部 

リニアックではワイヤスキュナモニタ(WSM)
が RFQ と DTL 間の MEBT1(3MeV)に 4 台、

SDTL 部(50MeV)に 4 台、181MeV のビームト

ランスポートラインに 28 台の計 36 台稼動して

いる(Fig. 2)。 
45 度傾いて設置されるワイヤフレーム(Fig. 3)

にワイヤが図のようにフレームに対して 45 度

に 2 本張られている。フレームを 45 度方向に出

し入れすることにより、ビームに対してワイヤ

を yx, 方向から交差させることができる。 
 

Fig. 3  WSM のワイヤフレーム部 

ワイヤとビームが交差することにより、ワイヤ

に電荷が誘起する。リニアックでは負水素イオ

ン(H－)ビームが加速されるので、誘起される電

荷の起源は以下の通りである。 
1) 負水素イオン由来の電子がワイヤにトラッ

プされることによる負電流 
2) 負水素イオン由来の陽子がワイヤにトラッ

プされることによる正電流 
3) 負水素イオンがワイヤに衝突する際に放出

される二次電子由来の正電流 
ビームのエネルギーが十分高く、負水素イオン

がワイヤを透過した場合には 3)の二次電子放出

のみである。 
3)の二次電子放出数Y は次の式で計算できる

[14]。 

W
dxdEdPY se )/(

=           (4-1) 

sed は二次電子が放出されうる深さであり、W
はワイヤ内での平均イオン化エネルギー、

dxdE / はワイヤ内での阻止能（付録 6-3 参照）

を表し、右辺の分数は深さ sed 内で、電離作用に

より生成される自由電子の数を表す。 Pは電子

の放出確率である。秋川らは =sed 1nm、 =P 0.5
を採用し、二次電子による信号強度は 1)の効果

の 1/10 程度あることを報告している[15]。 
 WSM では信号強度を稼ぐため、1)の効果を有

効に使う設計にしている。ワイヤ径は、負水素

イオン由来の電子がワイヤのなかで停止するよ

うに十分太くしなければならない。一方で、太

すぎるとビームロスが無視できないばかりか、

ビームのエネルギー付与による温度上昇が大き

くなり、融点を超えたところで使用できなくな

ってしまう。 
 温度上昇度と信号強度との兼ね合いから

MEBT1 では 3MeV ビーム測定用に 7μm 径の

カーボン製のワイヤを、SDTL 部より上流では

50、180MeV ビーム測定用に 30μm 径のタング

ステンワイヤを採用している[15]。 

WSM (J-Parc LINAC)

Miura IPAC2010, Sato OHO2010

OPERATIONAL PERFORMANCE OF WIRE SCANNER MONITOR IN 
J-PARC LINAC 

A. Miura#, H. Sako, J-PARC Center/JAEA, Tokai-mura, Ibaraki, Japan 
H. Akikawa*, M. Ikegami, J-PARC Center/KEK, Tokai-mura, Ibaraki, Japan 

Abstract 
A wire scanner monitor (WSM) is one of essential 

measurement devices for beam commissioning of current 
accelerators. J-PARC Linac employs a number of WSMs 
for transverse beam profile. The transverse matching is 
performed based on the measured beam width. In 
addition, we have tried to measure beam profile. In this 
paper, we describe the experimental results obtained in a 
beam study to characterize the operational performance of 
the WSMs. 

INTRODUCTION 
Thin metallic or carbon wire which is inserted in an 

accelerated beam can capture electrons from ion beams. 
Because the signal from captured electrons proportionally 
depends on the number of ions, many small steps of the 
wire position can bring the beam profile.  

J-PARC proposed the scheme for transverse tuning to 
suppress beam halo generation and resulting uncontrolled 
beam loss using wire scanner monitors (WSM) and four-
strip-line beam position monitors which were installed 
arbitrarily in the matching sections in linac [1].  A WSM 
is one of essential measurement devices for beam 
commissioning. This paper describes the specifications of 
WSM installed in J-PARC linac and its measurement 
result. Finally, dynamic range and related performances 
are discussed. 

SPECIFICATION OF WIRE SCANNER 
MONITOR IN J-PARC LINAC 

A system of WSM has a beam measurement head with 
wires, bias voltage supplier, stepping motor unit and 
electrical circuits which treats signals and the control 
system. Figure 1 indicates the installed WSM and its head. 

Because the wires are connected on a frame with 45°, if 
the frame is installed with 45° against the horizontal axis, 
both horizontal and vertical profiles can be measured in a 
stroke.  

Positions of Wire Scanner Monitors in Linac 
J-PARC linac has an ion source, RFQ, DTL, SDTL, 

A0BT (beam transport from the beginning of ACS to 0 
degree beam dump) and L3BT (beam transport from linac 
to following 3GeV rapid cycling synchrotron). In order to 
take the transverse matching, four WSMs are placed. 
Although three WSMs are sufficient for matching, 
redundant ones are prepared to improve the tuning 
accuracy statistically. Totally 36 WSMs are placed in 
linac and L3BT.   

Wire, Frame and Head 
Frame of wire head is made of aluminium oxide 

ceramics to prevent any noise from secondary electron 
capture at metallic frame. Tungsten wire with 30 um 
diameter is connected on the ceramic frame for over 
50MeV beam. But for the 3MeV section, 7 um diameter 
carbon wire is employed because of the thermal problem 
[2]. In addition, WSMs installed in the beam dump and 
L3BT section, carbon plates with 2.0 mm thickness are 
installed and they have especially been used to measure 
beam size (Figure 2).  Because of wide detecting surface 
of the carbon plate, it is considered to be sensitive for 
small signals. 

 

Bias Voltage Supply 
When the negative ion beam passes through the wire, 

electrons are left inside the wire. In the case of supplying 
a positive bias for wire, it suppresses the emission of 
secondary electrons. On the other hand, in the case of 
supplying a negative bias, the emission of secondary 
electrons is increased and counter electrical current is not 
negligible to measure. In the beam test, when the beam 
profile was measured in the range from -240 V to +240V, 
proper bias was 20 - 60 V [3]. If no bias was supplied, 
almost same profiles were obtained. But in this case, edge 

          wire                              plate 

 
Figure 2: Frame of Wire Scanner Monitor. Flame, 
wire and plate are made of ceramics, tungsten and 
carbon respectively.  

 

 
Figure 1: Whole view, head and wire frame. 
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The wires are connected on a frame with 45deg, if the frame is 
installed with 45deg against the horizontal axis, both horizontal 
and vertical profiles can be measured in a stroke. 



Wire scanners

R. Jones CAS2015

thin wire (~10um)



Gas sheet BPM 

S.Hiramatsu OHO2011etc.

• non-destructive

A GAS SHEET BEAM PROFILE MONITOR FOR THE HIMAC
SYNCHROTRON

Y. Hashimoto, Y. Fujita, T. Morimoto, S. Muto, KEK, Ibaraki-ken, T. Fujisawa, T. Furukawa, T. Homma, K. Noda,
Y. Sato, H. Uchiyama, S. Yamada, NIRS, Chiba City, A. Morinaga, Science University of Tokyo, Chiba-ken, J.

Takano, K. Takano, Takano Giken CO. Ltd, Kanagawa-ken

Abstract
We have developed a beam profile monitor with an

oxygen gas sheet beam and installed in the HIMAC[1]. A
beam profile of single bunch was successfully measured
for 6 MeV/u Ar beam with intensity of 6 x 107 ppb.

1 INTRODUCTION
Fast beam diagnostic tools are desired for accurate beam

operation of ion synchrotrons and beam physics. We
developed a fast non-destructive beam profile monitor [2,
3, 4] using a dense oxygen molecular gas-sheet target and
tested it in the HIMAC (heavy ion synchrotrons of NIRS).

A principle of the monitor was already presented [2, 3,
4] and the measurements using proton beams of the
NIRS-Cyclotron were also reported [2, 3, 4].

In this paper, performance of the monitor and the first
observation of a beam profile of the HIMAC are presented.

2 OUTLINE AND PERFORMANCE

2.1 Outline
Figure 1 shows a schematic view of the beam profile

monitor that is composed of five chambers with
differential pumping system. The distance between the
nozzle and the centre of the target is 1230mm.

The sheet beam generated by the nozzle and the
skimmer in the gas jet chamber runs to the detector
chamber through the slit chamber and the magnet chamber.
In the slit chamber, the beam molecules are collimated
with a slit. In the magnet chamber,  an oxygen sheet
beam is focused to increase the intensity at the median
plane with a multi-pole magnet [3]. In the monitor
chamber, the sheet beam interacts with ion synchrotron
beams. The ions produced by the collision are accelerated
by the electrodes in a vertical direction and enter the
detection unit. In the detector chamber, the profile and the
intensity of the sheet beam itself are measured by a thru-
ionization gauge [4].

The HIMAC must keep ultra high vacuum because of
relatively low energy heavy ion synchrotron whose
injection energy is 6 MeV/u and the maximum extraction
energy is about 800 MeV/u. The vacuum pressure of the
monitor chamber without gas flow is 2 x 10-10 Torr.
When the gas is injected, the vacuum becomes worse
down to 1 x 10-8 Torr, in the case that the gas flow is a
pulse operation for 120 µsec and the gas source pressure
is 5000 Torr.

Nevertheless, the vacuum of the synchrotron ring is
hardly become worse, factor three at most, at the point 3

m apart from the target. It seems that the two ion pumps
mounted to the monitor chamber fulfil their function. As
the time constant of the vacuum pumping system of the
chamber is almost 100 msec, disused gas is pumped away
within the time.

Slit
1 mm 
x80 mm

Ion Synchrotron 
Beam

Ionization

Focus
Magnet

Thru Slit
Gauge
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Valve
120 µs

Nozzle
1.5 µmφ
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              Slit
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TMP 
1000 l/s

Figure 1: Schematic view of the gas sheet beam profile
monitor.

2.2 Detector
Layout of the beam profile detector is shown in Fig. 2.

Ions generated by the beam at the gas-sheet target inclined
at 45 degree are accelerated to the MCP with a parallel
electric field. The diameter of the electrodes is 230 mm
and the gap distance is 70 mm. Both electrodes have a 100
mm hole at the central part for the ionized particles
passing through. At the holes, fine wires whose thickness
is 200 µm are mounted  every  5 mm.

The electric field calculated by MAFIA shows that the
ratio of the horizontal to the vertical electric fields are
within 1 % in the range of 60 mm of the gap. It means
that horizontal distortion of the collected ions are at most
200 µm. Besides, compensation electrodes which are not
shown in the figure are installed both sides of detector
electrodes in the beam line to avoid any effects on the
synchrotron beam orbit.

The collected ions are multiplied by a two stage MCP
(Hamamatsu F2226: max. gain 1 x 107, diameter 100
mmφ). The luminescence light from a phosphor screen
(decay time of the light: 100 nsec at 1/10, wavelength:
470 nm) positioned downstream of the MCP is detected
by a CCD camera attached on an image intensifier (I.I.
hereafter: Hamamatsu C4078, max. gain: 1 x 104).
Analogue video signals from the camera are converted to
digital signals and sent to a PC. The stability of data
acquisition is tested using a stabilized light without

Proceedings of EPAC 2002, Paris, France
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Thickness of O2 sheet beam : ~1mm

 
 

ルス状のガスジェットを発生する。ガスジェット

は精緻に設計されたノズルとスキマーを通るこ

とで断熱膨張により分子温度を数 K にまで下げ

られ、速度広がりが約 80 m/s 程度にまで減少し

た分子速度の揃った分子線となる。分子線の軸方

向速度は 735 m/sec、速度広がりは±10%である。 
分子線を数 10 cm 飛ばした後開口 10 mm×100 

mm のスリットにて扁平に切り出し、周期磁場の

中を通す。酸素分子は磁気モーメントµ を持つた

めに、不均一磁場H によりガスシートの面と垂直

方向に /H xµ∂ ∂ なる力を周期的に受けることで、

シートの厚さ方向に収束力を受け、発散すること

なく暑さ 1.3mm の薄いシート状となって加速器

のビーム軌道を横切りビームと衝突する。ターゲ

ットとしてのガス密度は最大で圧力換算
41 10 Pa−× （

193 10 molecules/sr s× ⋅ ）というこ

とである。図 2-4 にガスシート横方向の密度分布

を示す。全幅 85mm、平坦部の幅 60mm が得ら

れており、パルス毎の変動は約±3%である。 
 

 

図 2-4 酸素ガスシートの幅方向密度 
プロファイル 

 
図 2-5 パルス・酸素ガスシート 

の時間構造 

図 2-5 に進行方向の分布を示す。ターゲットと

して使用される領域は、ピーク近傍100µsecの範

囲（長さにして 73.5mm）であり、この範囲での

密度変化は 10%以下である。なお 10%のガス密度

の不均一度はターゲットとしてビームサイズの

測定に使用された場合、 20 mmσ = のガウスビー

ムに対して 2.5%程度の測定誤差に対応する。 
 厚手のボール紙を 80mm 幅に切ったような形

状のガスシートが、その形状を崩すことなく約

1m も飛翔してビームと衝突するなど、想像した

だけでも実に痛快である。 
 

 
  図 2-6 ガスシート・モニターで観測された 
  

12 6C +
ビームの 2 次元断面プロファイル像 

 
 以上述べたガスシート・プロファイルモニタに

よるビーム測定の例として、図 2-6 に放射線医学

研究機構の重イオンシンクロトロンHIMACで観

測された、加速器中の炭素イオン（
12 6C +

）ビー

ムの１つのバンチの 2次元断面像を示す。6MeV/u
で入射されてからトップエネルギー430MeV/u に

加速される間の adiabatic dumpingによる水平方

向ビームサイズの減少、更に遅いビーム取り出し

過程（rf キック）におけるサイズの増加が見える。 

Profile images of HIMAC C6+ beam

6MeV/u

430MeV/u

slow ext.
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過程（rf キック）におけるサイズの増加が見える。 

 
 

ルス状のガスジェットを発生する。ガスジェット

は精緻に設計されたノズルとスキマーを通るこ

とで断熱膨張により分子温度を数 K にまで下げ

られ、速度広がりが約 80 m/s 程度にまで減少し

た分子速度の揃った分子線となる。分子線の軸方

向速度は 735 m/sec、速度広がりは±10%である。 
分子線を数 10 cm 飛ばした後開口 10 mm×100 

mm のスリットにて扁平に切り出し、周期磁場の

中を通す。酸素分子は磁気モーメントµ を持つた

めに、不均一磁場H によりガスシートの面と垂直

方向に /H xµ∂ ∂ なる力を周期的に受けることで、

シートの厚さ方向に収束力を受け、発散すること

なく暑さ 1.3mm の薄いシート状となって加速器

のビーム軌道を横切りビームと衝突する。ターゲ

ットとしてのガス密度は最大で圧力換算
41 10 Pa−× （

193 10 molecules/sr s× ⋅ ）というこ

とである。図 2-4 にガスシート横方向の密度分布

を示す。全幅 85mm、平坦部の幅 60mm が得ら

れており、パルス毎の変動は約±3%である。 
 

 

図 2-4 酸素ガスシートの幅方向密度 
プロファイル 

 
図 2-5 パルス・酸素ガスシート 

の時間構造 

図 2-5 に進行方向の分布を示す。ターゲットと

して使用される領域は、ピーク近傍100µsecの範

囲（長さにして 73.5mm）であり、この範囲での

密度変化は 10%以下である。なお 10%のガス密度

の不均一度はターゲットとしてビームサイズの

測定に使用された場合、 20 mmσ = のガウスビー

ムに対して 2.5%程度の測定誤差に対応する。 
 厚手のボール紙を 80mm 幅に切ったような形

状のガスシートが、その形状を崩すことなく約

1m も飛翔してビームと衝突するなど、想像した

だけでも実に痛快である。 
 

 
  図 2-6 ガスシート・モニターで観測された 
  

12 6C +
ビームの 2 次元断面プロファイル像 

 
 以上述べたガスシート・プロファイルモニタに

よるビーム測定の例として、図 2-6 に放射線医学

研究機構の重イオンシンクロトロンHIMACで観

測された、加速器中の炭素イオン（
12 6C +

）ビー

ムの１つのバンチの 2次元断面像を示す。6MeV/u
で入射されてからトップエネルギー430MeV/u に

加速される間の adiabatic dumpingによる水平方

向ビームサイズの減少、更に遅いビーム取り出し

過程（rf キック）におけるサイズの増加が見える。 



Transverse emittance measurement

• If for each beam particle we plot its position and its
transverse angle we get a particle distribution who’s
boundary is an usually ellipse.
• The projection onto the x axis is the beam size.

• If we place a slit into the beam we cut out a small
vertical slice of phase space.

• Converting the angles into position through a drift
space allows to reconstruct the angular distribution
at the position defined by the slit.

Gero Kube, DESY / MDI 
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Double-Slit emittance measurement

βγεε =n               (2-30) 
よって、粒子のエネルギーが増大するとともに、

βγ/1 に比例してエミッタンスは減少する(断熱

減衰)。 

3. エミッタンス測定 

3.1. ダブルスリット法 

  

Fig.1 ダブルスリット法によるビームエミッタ

ンス測定の概略図 

Fig. 1 にダブルスリット法の概略図を示す。

ビームを第 1 スリットで切り出し、さらに第 1
スリットから距離 lにある第 2 スリットを通過

した電荷をファラデーカップで測定する。ビー

ム軸と第 1 スリット中心間の距離をY 、ビーム

軸からの第 2 スリットの距離を d とすると全ス

リットを通過する粒子の発散角度は、 

l
Ydy −

='               (3-1) 

になる。両スリットの位置を変えながら測定を

繰り返すことにより相空間内の 2 次元マップが

測定できる。J-PARC ではイオン源出口でのプ

ロファイル測定に使われている。 

3.2. Q スキャン法 

有効収束力ｇの四重極電磁石の入り口 1s で測

定されるσ 行列の 11 成分を )( 111 sσ としたと

き、四重極電磁石から距離 Lだけ離れた位置 2s
でのビームサイズは、(2-29)式に四重極電磁石と

ドリフトスペースの転送行列(2-27)を代入して、 
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(3-2)      
と解ける。ここで rmsε は四重極電磁石入り口の

rms エミッタンスであるから、有効収束力を変

えながら、下流のプロファイルモニタでビーム

サイズ )( 211 sσ を測定し、最小二乗法により最適

な rms エミッタンスを求めることが行われる。 

3.3. ムービングスクリーン法 

 (2-24)から、未定定数は 11σ 、 22σ 、 2112 σσ =
であるから、ドリフトスペースの 3 箇所でビー

ムサイズを測定すればエミッタンスを測定でき

る。基準となる位置のビームサイズを測定し、

さらに下流の 2 箇所でビームサイズを測定す

る。やはり同じように(2-29)式にドリフトスペー

スの転送行列(2-25)を代入する。基準点から 1L 、

2L 離れた位置のビームサイズ 2R 、 3R は基準の

位置のσ 行列を使えば、 
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である。同様に最小二乗法を用いて、3 個の未

定定数が決定でき、(2-23)式から rms エミッタ

ンスを求める。 

3.4. ガウス分布 

 相空間内の粒子分布に 2 次元ガウス分布を仮

定することが行われる。この仮定が妥当かどう

かはそのつど評価しなければならないが、この

仮定の下では、規格化正準運動量 yP を用いた規

格化相空間 ),( yPy で粒子分布が 2次元ガウシア

ンであるから、以下のように表現できる。 
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ここで、 
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である。また、(3-4)式を(2-14)式、(2-16)式で置

き換えると、 
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Slit-Grid emittance measurement

L. Groening, Sept. 15th, 2003GSI-Palaver, Dec. 10th, 2003, A dedicated proton accelerator for  p-physics at the future GSI facilitiesPeter Forck, JUAS Archamps Transverse Emittance Measurement 4

The Slit-Grid Measurement Device

Slit-Grid: Direct determination of position and angle distribution.
Used for protons/heavy ions with Ekin < 100 MeV/u ⇔ range R < 1 cm.

Slit: position P(x) with typical width: 0.1 to 0.5 mm
Distance: 10 cm to 1 m (depending on beam velocity)
SEM-Grid: angle distribution P(x′)



Pepper-pot emittance measurement
Pepperpot Emittance Measurement 

CAS Slovakia  25.5 - 8.6. 2012 Uli Raich CERN BE/BI 47 

Pepperpot: 15x15 holes on copper plate 
Luminescent screen 
Data acquisition: high resolution CCD 
Example from GSI Darmstadt 

Advantage: Single shot measurement 

P. Forck GSI 

Advantage: Single-shot measurement 

P.Forck, JUAS 2017

CCD camera
with zoom viewing

screen

peper-pot

ion beam



Emittance measurement  : Quadrupole scan technique (Q-scan)

H.Sakai OHO2002

Measured beam size as a function of 
the quadrupole field strength 

Transfer matrix of the quadrupole

Transfer matrix of the drift space

Parabolic fitting



U. Raich, CAS2012

Wall Current Monitor – The Principle
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Wall current monitors

cell whose contents have become negative is reset to zero. A more detailed description is found
in [108].

Two examples [110] demonstrate the high analyzing power of tomography. The first, dis-
played in Fig. 6.11 is a standard, constant bunch shape recorded with a digital scope. The
reconstruction of the first time slice shows a good filling of the bucket. The second example in
Fig. 6.12 is a mismatched bunch. In phase space (as shown for a small bunch width) the distri-
bution rotates at the synchrotron frequency, resulting in varying bunch shapes as a function of
time. The bucket is filled badly.

6.6 Resistive wall current monitor

For the observation of the bunches and their structure, a large bandwidth is required. With a
resistive Wall Current Monitor WCM, a bandwidth up to several GHz can be reached [111].
The beam always induces an image current flowing along the vacuum pipe, having the same
magnitude and the same time structure. To measure this image current, the vacuum pipe is
interrupted by a ceramic gap, as displayed schematically in Fig. 6.13. The gap is bridged by
typically n =10 to 100 resistors with a low resistivity on the order of R =10 to 100 Ω leading to
a total value of Rtot = R/n ∼ 1 Ω. The resistors are azimuthally distributed on a printed circuit
board, so that the signal amplitude is independent of the actual beam position. At several
locations, the signal is connected to a coaxial cable, feeding an amplifier. The voltage across the
resistors Utot is given by

Utot =
R

n
· Ibeam. (6.14)

R

coax cable

ceramic gap

R

beam

to signal to ground

signal groundshield

pipe
ferrite rings

L

C
ground

beam pipe

R

U(t)
WCM equivalent circuit

I beam

I wall

Figure 6.13: Schematics of a wall current monitor used for fast bunch observations and its
equivalent circuit.

The resistors have to be shielded carefully against noise from the surroundings as caused,
e.g. by ground currents from the rf-system. The shield also acts as a short circuit for low
frequencies. In addition, ferrite rings are mounted across the vacuum pipe to force the image
current through the resistors by damping the high frequencies penetrating the rings. Using high
permeability ferrites, the lower cut-off frequency flow = 2π ·Rtot/L can be decreased. Values of
about flow ∼ 10 kHz are typical and allow un-differentiated bunch structure observation. The
upper cut-off frequency is given by the capacitance of the gap to be fhigh = 2π ·Rtot ·C. Several
GHz are realizable with a careful design of all rf-components. The equivalent circuit is the same
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P. Forck, CAS2011

WCM can observe the short bunch shape of electrons 
at frequencies far beyond the few 100 MHz.

When the beam is not at the centre of the vacuum chamber, the wall-current 
will be unequally distributed around the circumference of the chamber. 
The signals are picked-up separatedly à Beam position monitoring



Stripline pick-ups ~ bunch monitor 

P. Forck, 2011
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Figure 5.18: Numerical calculation of the position reading ∆U/ΣU as a function of beam dis-
placement for the horizontal plane. The plot also includes the calculations for a beam offset
in the vertical direction and proves the decoupling of both planes [86]. It is performed for the
pick-up shown right and in Fig 5.17 with a 200 × 70 mm2 cross section and 350 mm length.
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Figure 5.19: Scheme of a stripline pick-up.

Figure 5.20: Single shot signal from from a 30 cm stripline pick-up recorded at the ALS syn-
chrotron light facility for a single bunch with 1 ns/div [75].

90

-0,4

-0,3

-0,2

-0,1

0

0,1

0,2

0,3

0,4

-80 -60 -40 -20 0 20 40 60 80
beam position [mm]

U
/

U

Hor.(y=-20)
Hor.(y=0)
Hor.(y=+20)
Ver.(y=-20)
Ver.(y=0)
Ver.(y=+20)

beam

 ground potential
guard rings on

horizontal
vertical

Figure 5.18: Numerical calculation of the position reading ∆U/ΣU as a function of beam dis-
placement for the horizontal plane. The plot also includes the calculations for a beam offset
in the vertical direction and proves the decoupling of both planes [86]. It is performed for the
pick-up shown right and in Fig 5.17 with a 200 × 70 mm2 cross section and 350 mm length.

R R21

amp

Zstrip

port 2

αr

beam pipe

port 1

l,a
beam

amp
R R1 2

Figure 5.19: Scheme of a stripline pick-up.

Figure 5.20: Single shot signal from from a 30 cm stripline pick-up recorded at the ALS syn-
chrotron light facility for a single bunch with 1 ns/div [75].
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Scheme of a stripline pick-up 

Single shot signal 
from a 30 cm stripline pick-up 

•  ALS stripline kicker (used as a PU, upstream port) 
•  L=30 cm (1 nsec), Bunch spacing 60 cm (2 nsec) 

Signals only at start and end of bunch train 

Multibunch signal
L=30cm, bunch spacing 60cm (2ns)

Fig. 26: Left: Scheme of a stripline pick-up. Right: Photo of the LHC stripline BPM of 12 cm length, from [18].

for y = 0 and Sy = 5.6 %/mm for x = 0, are comparable to the values one would obtain for the circular
beam pipe. But in contrast to the circular arrangement, even at the central part the horizontal position
sensitivity Sx depends on the vertical displacement y (and vice versa) and a correction algorithm using
polynomial coefficients must be used for a precise position calculation.

As a summary the basic parameters for linear-cut and button BPMs are compared in Table 1. The
table contains significant simplifications but should serve as an overview.

5 Stripline BPM
In the discussion of capacitive BPMs above, basically an electrostatic approach was used disregarding
effects based on the signal propagation. If the bunch length becomes comparable to size the of the
BPM, the final propagation time leads to a signal deformation, or in other words: For short bunches
button BPMs have to be small and can therefore deliver only a low signal strength. Stripline BPMs
are well suited for short bunch observation because the signal propagation is considered in the design
like for transmission-lines in microwave engineering. The azimuthal coverage of the stripline BPM can
be larger than of a button type yielding an increased signal strength. Moreover, stripline BPMs have
the characteristic of a directional coupler which is of great importance for the installation in a collider of
counter-propagating beams within the same beam pipe: With stripline BPMs one can distinguish between
the directions of beam propagation and can record only the position from one beam by suppressing the
signal from the counter-propagating beam, as explained below. The electrical properties of such a BPM
are comparable to a directional coupler used for microwave devices [25].

A stripline pick-up consists of a transmission line of several cm length, having at both ends a
feed-through with an impedance of R1 and R2 matched to 50 Ω, see Fig. 26. The stripline of length l
is installed at a distance a from the beam center covering an angle of α within a cylindrical vacuum
chamber of radius r. The characteristic impedance Zstrip of this strip depends on the parameters r,a and
α , like for a micro-strip line on a printed-circuit board. It is chosen to be Zstrip = 50 Ω for matching
the characteristic impedance at the two ports, i.e. the condition Zstrip = R1 = R2 = 50 Ω is fulfilled.
Further on, we assume that the beam is relativistic and can be approximated by a traveling TEM wave
with velocity vbeam, which equals the signal propagation on the strip cstrip = vbeam = c. The bunch
length should be shorter than the strip length to prevent signal overlapping. The signal generation at the
upstream port 1 during the bunch passage is visualized in Fig. 27 and described in the following:

– At t = 0 the bunch passes the front edge of the strip. The wall current is divided in two parts due
to the matching of the voltage divider Zstrip = R1 = 50 Ω. Half of this signal travels towards port
1 and half travels downstream along the stripline.
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Beam loss monitors



Beam Loss

R. Jones, CAS2017

Role of beam loss monitor :
• Protect the machine from damage and activation
• Dump the beam to avoid magnet quenches (for superconducting magnets)
• Diagnostic tool to improve the performance of the accelerator

≈10cm 

SPS incident
- June 2008
- 2MJ beam lost at 400MeV

secondary products from electromagnetic or hadronic shower



Beam Loss Monitors (BLM) - Ionization chambers 

R. Jones, CAS2017

Ionization chambers (charge detection)
• Dynamic range of < 108

• Slow response (µs) due to ion drift time

Gas-filledkV bias



LHC BLM system

Eva Barbara Holzer CAS intr. Level course on Accelerator Physics September, 2014 43 

!  Main purpose: prevent  
damage and quench"

!  3600 Ionization chambers!
!  Beam abort thresholds:!

!  12 integration intervals:  
40μs to 84s (32 energy levels)!
!" 1.5 Million threshold values!
!  Each monitor aborts beam!

!  One of 12 integration intervals over threshold!
!  Internal test failed!

!  Requirements and Challenges!
!  High Dependability (Reliability, Availability, Safety)!
!  Threshold precision (factor 2)!
!  Reaction time 1-2 turns (100 – 200 μs)!
!  Dynamic range: 108  (at 40µs 105 achieved – 106 planned)!
!  Radiation hard: currently at CERN development of kGy 

radiation hard readout to avoid noise from long cables!

!

LHC BLM System"
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• Main purpose: prevent damage and quench 
• 3600 Ionization chambers
• reaction time : ~100µs 
• radiation hard : ~ kGy 



Beam Loss Monitors

R. Jones, CAS2017

Diamond Detectors
•Fast & sensitive
•Used in LHC to distinguish 
bunch by bunch losses
•Work in cryogenic conditions

PIN photodiode 
(solid state ionisation chamber)
Count detection
Detect coincidence of ionising particle crossing photodiodes
Insensitive to photons from synchrotorn radiation
Count rate proportional to beam loss with speed limited by 
integration time
Can distinguish between photon & ionising particles
Dynamic range of up to 109

HERA-p



Beam Loss Monitors

R. Jones, CAS2017

Long ionization chamber (charge detection)
• Up to several km of gas filled hollow coaxial cables
• Position sensitivity achieved by comparing direct & reflected pulse
• SLAC – 8m position resolution (30ns) over 3.5km cable length

Fiber optic monitors
• Electrical signals replaced by light produced through Cerenkov effect

but also Cherenkov light is detected as created by a charge traveling fast than the velocity of light
inside the medium.

distance or time

OTDR

refelcted light

beam pipe

 short laser pulse (850 nm, 1 ns) optical absorber

loss 2loss 1loss 2
loss 1 optical fiber

modified fiber
intensity
light

Figure 8.9: Principle of an OTDR beam loss detection with optical fibers.

8.2.8 Comparison of different beam loss monitors

Several of the described types are tested at the extraction septum magnets at the GSI synchrotron
[140]. A typical example is shown in Fig. 8.10 for a O8+ beam accelerated from 11.4 MeV/u to 800
MeV/u and then extracted slowly over 3 s. The maximum number of stored particles was 4×1010. The
signal as a function of time seen at the figure is displayed together with the signal for the synchrotron
dc-transformer (top, arbitrary units) and a reference signal proportional to the extracted current
measured at the experiment location (second plot, using a secondary electron monitor in arbitrary
units, see Chapter 2.8.3). The general feature is that the signals for the different loss monitors are
showing the same time behavior. This is not a-priori evident due to the different detection mechanisms.
This shows the predominant role of the ’prompt’ radiation (prompt within a time scale of ms) whatever
the type of secondary radiation is. The signals of all detectors are background-free, showing the minor
role of permanent activation compared to the signals induced during the beam delivery.

The linearity of the different detectors is shown in Fig. 8.10 right, where the total counts for
one spill are shown as a function of the current detected at the experiment. The count-rate is quite
different: The plastic scintillator shows the maximum rate, about a factor of 30 more than the BF3-
tube, due to the detection of more categories of secondary particles. The liquid scintillator shows a
lower rate; the saturation for the highest rate is due to the slow integrating pre-amplifier. The signal
strength of the IC is lower by a factor of 200 as compared to the plastic scintillator. The dynamic
range is highest for the plastic scintillator. The PIN diode is not shown here, but the count rate would
have been about 3 orders of magnitude below that of the plastic scintillator.

8.3 Machine protection using beam loss detectors

The most frequent application of beam loss monitors is the protection of the accelerator components.
The high energy stored in the beam can lead to damage of the surroundings when the projectiles
hit its materials. In particular, the vacuum pipe can be destroyed by the temperature rise due to
the energy release of the particles, leading to a vacuum leakage. Also other materials, like electrical
feed-through, the isolation of the magnet coils or any electronic devices can be destroyed due to the
modification of the material by the radiation. As discussed in Chapter 8.1, the nuclear interaction
leads to radioactive nuclei, which have lifetimes of hours or more. An activation of the accelerator
components is the result, preventing the access of persons into the accelerator tunnel and maintenance
is strongly hampered. As a general rule, the power dissipation of the beam losses should be below 1
W/m to enable ’hands-on maintenance’.

Another important application of beam loss monitors is the quench protection of super-conducting
magnets and cavities. Even a small amount of loss can heat up the super-conducting material above
the critical temperature causing a quench, i.e. a transition to normal conductivity. This dangerous
situation is always controlled by loss monitors. They create an interlock: as soon as a critical count
rate or dose is reached, the beam is kicked out of the accelerator immediately. The design criteria of
an interlock system are discussed in [142]. Last but not least the reason for low losses is the protection

136



Tune, Chromaticity, Momentum



Tune

Characteristic Frequency of the Magnetic Lattice
Given by the strength of the Quadrupole magnets

• Parameters

• Q : Full betatron tune

• n : Integer tune

• q : Fractional tune (Q=n+q)

• horizontal, vertical



Tune measurement – principle

A stimulus is needed to globally excite the beam.
• Resulting betatron oscillations observed on a position pick-up
• Time domain signals usually converted to frequency domain

• Displays which frequencies are present in the oscillations

M. Gasior (CERN)

For this method coherent betatron 
oscillations are excited by a fast kick 



Tune measurement – principle

• Observable is typically turn-by-turn position from a BPM
• BPM electrode signal has temporal shape related to the temporal structure 

(intensity profile) of the passing beam



Tune measurement 

Induced voltage (pulse height) each turn 
depends on path length of electrode by the 
betatron oscillations.

X1
X2

r

Horizontal 

H1

H2

Y
Vertical 

Induced voltage (pulse height) each turn 
depends on distance between beam-electrode 
by the betatron oscillations.

低温センター勉強会低温センター勉強会低温センター勉強会低温センター勉強会低温センター勉強会�����（（（（（2003.04.25.Wed.2003.04.25.Wed.2003.04.25.Wed.2003.04.25.Wed.2003.04.25.Wed.）））））

実験の方法：

x

W
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V2
R C

V1
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ビーム位置検出器（BPM）の原理
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BPM信号から得られる情報

(1) 周回周波数
....フーリエ変換により
周波数成分を知るこ
とができる。

(2) ビーム強度
....和信号の絶対値から
ビーム強度が算出
できる。

(3) ビームの振動

...横方向＆縦方向の振動を知ることができる。
　（周波数分解すると周回周波数のサイドバンド
として現れる。）１ターン毎のビームの位置が検出できる。

（（（（（２２２２２）））））PoP-FFAGPoP-FFAGPoP-FFAGPoP-FFAGPoP-FFAGシンクロトロン加速器での研究結果シンクロトロン加速器での研究結果シンクロトロン加速器での研究結果シンクロトロン加速器での研究結果シンクロトロン加速器での研究結果



Tune measurement by FFT analysis

! = #$%&' − )#*'+
)#*'+

! : fractional part of tune
: revolution frequency

: sideband frequency

: order of harmonic 

#*'+

)
#$%&'

, = -.
-/01

= n + c

n : integer tune

Measured voltage from monitor
P

ic
k
 u

p
 V

o
lt
a

g
e

Time

図 2.8 読み出し抵抗 R (R1 < R2 < R3)に対する誘起電圧の時間応答

2.2.4 ベータトロンチューン測定の原理

式 (2.9)、(2.10) で示したベータトロンチューン νx、νz を測定する原理について述べる。
ベータトロン振動は、振動方向に対して非対称な構造を持った電極に誘起する電圧信号の強
弱として観測される。したがって、ビーム周回波形の振幅変調 (AM:Amplitude Modulation)
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トロン振動の位相のずれ、mは自然数である。

Vmoni =
∑

m

A {1 + Ab cos(2πfbt + θ)} · δ
(

t − m

frev

)
(2.35)

ここで、nをベータトロンチューンの整数部、cをベータトロンチューンの端数部 (0 ≤ c < 1)
とすると、ベータトロンチューン ν は次式で表される。

ν =
fb

frev
= n + c (2.36)

ゆえに、ベータトロン振動数 fb は、

fb = (n + c)frev (2.37)
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であり、式 (2.35)に代入し、整理すると次式のようになる。

Vmoni =
∑

m

A {1 + Ab cos (2π(n + c)frevt + θ)} · δ
(

t − m

frev

)

=
∑

m

A {1 + Ab cos (2πcfrevt + θ) cos(2πnfrevt)

−Ab sin (2πcfrevt + θ) sin(2πnfrevt)} · δ
(

t − m

frev

)

=
∑

m

A {1 + Ab cos (2πcfrevt + θ) cos(2πnfrevt)} · δ
(

t − m

frev

)
(2.38)

つまり、観測されるビーム波形からはベータトロンチューンの端数部のみが求まる。ここで
は、端数部だけからベータトロンチューンの評価を行うことにする。式 (2.38) をフーリエ展
開すると、

Vmoni =
∑

m

Afrev

[
cos(2πmfrevt) +

Ab

2
cos {2π(m + c)frevt + θ}

+
Ab

2
cos {2π(m − c)frevt + θ}

]
(2.39)

となるので、観測したビーム波形をフーリエ解析すると周波数 mfrev のサイドバンド周波数
として周波数 (m ± c)frev にピークができる。この二つのピークより次式からベータトロン
チューンの端数部が求まる。

c =
|fs − mfrev|

mfrev
(2.40)

ここで、fs はサイドバンド周波数である。
しかし、ビームを加速させ運動量が大きくなると、ベータトロン振動は断熱的に減衰し、観
測が難しくなる。この場合は、RFノックアウト法と呼ばれる方法を用いる必要がある [12]。
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Tune measurement by FFT analysis (example)
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Chromaticity

• Measure tune for slightly different beam energies (by varying RF frequency
and keeping magnetic field constant and calculate the gradient.
• Correct with sextupole magnets.
• Chromaticity can be tracked continuously by combining RF modulation with PLL
tune measurement.

Spread in the Machine Tune due to Particle Energy Spread

Optics Analogy:

Achromatic incident light
[Spread in particle energy]

Lens
[Quadrupole]

Focal length is
energy dependent

Chromaticity ! "# = !"
Δ" = "# Δ&&

! =
Δ"
"
Δ&
&

(Relative increase in tune for an off-momentum particle) 

tune change <-- momentum change



Chromaticity Measurement  

Tune change for different 
beam momenta

Standard method used on all machines.
Can be combined with PLL tune tracking to give on-
line measurement

Width of tune peak or
damping time

Model dependent, non-linear effects, not compatible
with active transverse damping

Amplitude ratio of 
synchrotron sidebands

Difficult to exploit in hadron machines with low 
synchrotron tune, Influence of collective effects

Width ratio of Schottky
sidebands

Used on many machines & ideally suited to 
unbunched or ion beams. Measurement is typically 
very slow

Bunch spectrum variations 
during betatron oscillations

Difficult to disentangle effects from all other sources 
– e.g. bunch filling patterns, pick-up & electronics 
response

Head-tail phase advance Good results on several machines but requires kick 
stimulus Þ emittance growth!

Many techniques available to measure chromaticity

R. Jones, CAS2018  



Chromaticity measurement in the LHC (Q’ tracker)
Modulates the RF frequency to give Δp/p of 10-4 @ 2Hz
Measures the effect on the tune & demodulates the sinusoidal variation
Resolution of 1-2 units achieved with results fed-forward for next ramp

Q (dotted) and Q' (solid) during 
snap-back

Test showing effect of RF modulation on 
tune in presence of chromaticity

Real-time tune & chromaticity measurement 
in the LHC during start of acceleration

R. Jones, CAS2014  

!" = Δ!
Δ%/%

measured tune change
RF induced momentum change ' = !"

!



Momentum measurement

•  In linacs and transferlines the momentum and momentum 
spread are mainly measured by spectrometer systems. 

•  The beam enters in the field of a dipole magnet 
where particles with different momenta follows 

different trajectories. 

0ppBLUE <

0ppRED >

Detector

Bend
•  The particle position is then measured on a detector 

downstream the magnet. 

•  The spectrometer resolution is limited by the intrinsic beam size at the 
detector plane and by field non-linearities. 

DAΦNE  
Secondary emission 

hodoscope 

Spectrometer 
control window 

DAΦNE-Linac 

Momentum and Momentum 
Spread Measurement 



Momentum measurement

!" is minimized before passing though bending magnet using Q-magnet.
Beam size is measured at point where !" is minimum. 

beam size

dispersion

Beam Size

Q-Mag
Bend.Mag

screen



Overview of typical beam parameters and diagnostic instruments
Beam quantity LINAC, transfer line Synchrotron

current I general transformer (dc, pulsed) transformer (dc)
Faraday cup

special particle detector normalized pick-up signal
(Scint. IC, SEM)

position x general pick-up pick-up
special using profile measurement cavity excitation (e−)

profile xwidth general SEM-grid, wire scanner residual gas monitor
viewing screen, OTR-screen synch. radiation (e−)

wire scanner
special grid with ampl. (MWPC)

trans. emittance general slit grid residual gas monitor
ϵtrans quadrupole scan wire scanner

special pepper-pot transverse Schottky pick-up
wire scanner

momentum general pick-up (TOF) pick-up
p and ∆p/p magn. spectrometer

special Schottky noise pick-up
bunch width ∆ϕ general pick-up pick-up

wall current monitor
special particle detector streak camera (e−)

secondary electrons
long. emittance general magn. spectrometer
ϵlong buncher scan

special TOF application pick-up + tomography
tune, chromaticity general — exciter + pick-up (BTF)
Q, ξ special — transverse Schottky pick-up
beam loss rloss general particle detector
polarization P general particle detector

special Compton scattering with laser
luminosity L general particle detector

Table 1.1: Beam parameters and the most commonly used beam diagnostics.

There is a large variety of beam parameters to be measured. For a good alignment of the
beam all relevant parameters should be controllable. Table 1.1 gives an overview of the most
important beam quantities and the commonly used diagnostic devices and methods. Only the
general properties for most of these devices will be discussed in this lecture, without going deeply
into details; i.e., the lecture gives a reasonable coverage at the expense of a detailed description.
For some parameters, the type of instrumentation differs for LINACs and synchrotrons, due to
their different accelerating principles. An important example is, that in a LINAC or a transfer
line, the beam passes only once, while in a synchrotron the behavior of thousands of passages
have to be determined. For a synchrotron non-destructive methods are preferred to monitor the
beam behavior without any modifying influence. Moreover, electron beams have a quite different
behavior as compared to protons or heavy ions. A simple example is the fact, that electrons are
relativistic just after the first LINAC modules, while for protons several 100 m long LINACs or
even a synchrotron is needed to reach significant relativistic conditions. Another difference is
the emission of synchrotron radiation by electrons, while this process occurs for protons only at
the highest reachable energies, like in LHC. As seen from Table 1.1 the same beam quantity can
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P. Forck 2011


