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Outline

• Shamelessly reporting on the work of others.
– Give credit where credit is due

• Will base talk on ESS as a representative high 
power proton linac, taking specific examples 
from elsewhere
– 3 B’s (BLM, BCM, BPM)
– Profile measurements
– Advanced beam instrumentation
– Advanced use of (3B) instrumentation



3

ESS

About 500 diagnostics systems (mostly BLM & BPM) of about 20 different types
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Beam Envelope

Average Beam Power
5 MW

Pulse Current: 
62.5 mA

Pulse length:
2.86 ms

Bunch repetition rate: 
352 MHz

Bunch charge: 
180 pC

Bunch length (r.m.s.): 
10-40 ps



General high power hadron issues
• Beam loss

– beam can do significant damage, so
• fast response (~ few us) needed
• blind spots must be avoided

• Beam Current
– Differential current may need to trigger abort

• Beam position
– Large excursions may need to trigger abort

• Beam phase
– Non-relativistic beam, need to measure time-of-

arrival for cavity phasing (linacs)
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NB. High power linacs tend to be superconductive, imposing 
restrictions such as particle clean environment



Specific High Power Proton Issues

• Due to high power, non-invasive or minimally 
invasive diagnostics needed.
– Since no electrons to remove, laser (photo-

detachment) based diagnostics not an option.
– Difficult to measure beam dimensions

• Transverse profile
• Longitudinal profile

• Some diagnostics not able to take full beam
– Special short diagnostics pulse (~50us)
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Basic (B3)Diagnostics

7
B3 = BLM BCM BPM



Beam Loss – Ionization Chamber

• Proven, robust 
technology

• Fast detection by 
design

• But, sensitive to X-ray 
background from RF 
cavities

8S. Grishin et al, CERN

SNS



(Fast) Neutron Monitor
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Based on MicroMegas

With appropriate cuts, 
can be insensitive to 
gammas

Fast and slow 
(sensitive) version

T. Papaenvagelou et al, 
IRFU/CEA Saclay



(Differential) BCM

Transmission (startup)
Beam Destination Accounting
Beam loss and “Errant beam”
“Almost abort” cases very 
important to detect and study!

10V. Blokland, SNS



Position and Phase
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Requirements: Nominal beam
(63ma, 3ms)

Pilot beam
(6mA, 5us)

Debunched beam
(>6mA, >5us)

Phase resolution 0.2 deg 2 deg -

Phase accuracy 1 deg* 1 deg* -

Position resolution 20 µm 200 µm 2 mm

Position accuracy +- 200 µm** +- 400 um** +- 2 mm

Total response time 
to AMC

2 µs 2 µs 2 us

Rafael Baron, ESS

* Depends on phase reference line
** Except DTL, where 100 µm accuracy is required



Cavity Failure Loss Signatures

12Mohammad Eshraqi et al, ESS

Impact of full loss of 
gradient in single cavity

Possible to tune around 
lost cavity (but this requires
some time)  



Beam loss time distribution

13Mohammad Eshraqi et al, ESS

Cavity field does not 
go to zero instantly, but 
decays at some rate and 
may also have undershoot 
due to beam loading



Predicting impending beam loss
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Mohammad Eshraqi et al, ESS

BPM phase and amplitude signals can predict 
impending beam loss from cavity failures!!!



Transverse and longitudinal 
profile

15



Transverse Profile

• Tungsten wires in cold linac (carbon bad to cavities)
– Special vacuum bellows for particle clean environment

• Both SEM and shower readout planned
• Wire scanners limited in pulse length (thermionic emission and wire 

breakage)
– Co-located with non-invasive profile (IPM)
– Must have overlap in performance range 16



Ionization Profile Monitor

• Lack of space for magnet.
• Ion collection possible 

with manageable space 
charge effects and 
reasonable E-field.

• Suffient signal in warm 
sections of cold linac

17

J. Marroncle et al, 
IRFU/CEA Saclay



BIF & Emittance
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Beam Induced 
Flouresence monitor
C. Thomas, ESS

Allison 
Scanners
(CEA Saclay) FC

BEAM INDUCED FLUORESCENCE (BIF) MONITOR FOR TRANSVERSE
PROFILE DETERMINATION OF 5 TO 750 MeV/u HEAVY ION BEAMs ∗

F. Becker1† , C. Andre1, P. Forck1, D.H.H. Hoffmann1,2

1Gesellschaft für Schwerionenforschung GSI, Darmstadt, Germany
2Technical University Darmstadt, Institut für Kernphysik, Darmstadt, Germany

Abstract
In the frame of the FAIR-project (Facility for Antipro-

ton and Ion Research) at GSI, high intensity beams from
protons to Uranium ions with energies ranging from 100
MeV/u to 30 GeV/u are foreseen [1]. Precise beam align-
ment in transport lines between the synchrotrons and in
front of production targets is mandatory. Since the beam
energy will be increased from todays 100 Joule to about
104 Joule per ion pulse, conventional intercepting beam
diagnostics can not be used. For transverse profile deter-
mination a non-intercepting Beam Induced Fluorescence
(BIF) monitor in residual nitrogen, using an image inten-
sified CCD camera was investigated. The photon yield and
background contribution were determined for different ion
species, beam energies and N2 pressures. The spectral re-
sponse was mapped and associated with the N2 transitions
using narrowband interference filters. Profile distortions
were quantified. Additionally, the appropriate layout for
different diagnostic tasks is discussed.

THE BIF METHOD
As an alternative to the traditional SEM-Grids, the trans-

verse beam profile in transport lines could be determined
by observation of single fluorescence photons emitted by
residual gas molecules. The related device is called Beam
Induced Fluorescence (BIF) Monitor [2] as schematically
shown in Fig. 1. When the beam collides with the resid-
ual gas molecules, some molecules are ionized remaining
with a certain probability in an excited state. In a N2 domi-
nated residual gas composition, a strong fluorescence in the
blue wavelength range 390 nm < λ < 470 nm and a life-
time of about 60 ns is generated by a transition band to the

∗Work supported by EU, project FP6-CARE-HIPPI
† frank.becker@gsi.de
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Figure 1: Scheme of a BIF-Monitor.

vacuum window

beam direction

Figure 2: Image from a 1.5 µs long pulse of 2·109 Xe48+ at
200 MeV/u. The projected horizontal profile is compared
to SEM-Grid data. The BIF data were recorded at 1 · 10−3

mbar and averaged over 20 shots.

N+
2 electronic ground state (B2Σ+

u (v′) → X2Σ+
g (v′′)+γ,

for vibrational levels v) [3]. ’Single-photon counting’ was
performed using a commercial image intensifier (Company
Proxitronic), equipped with a double Micro-Channel Plate
(MCP) for up to 106-fold photo-electron amplification. The
light from the fast P46 phosphor screen with 300 ns decay
time is taper-coupled to a digital CCD camera with a fire
wire interface (Basler A311f). The device is mounted at a
distance of 20 cm from the beam axis. A UV-transmitting
quartz-lens with remote-controlled iris and focus and a fo-
cal length of 25 mm, leads to a resolution of 180 µm/pixel.
In front of the lens a filter wheel equipped with 10 nm nar-
row band interference filters was installed in order to record
spectral resolved beam profiles. The detailed description of
the detection setup can be found in [4, 5].

During the last years the BIF method was applied suc-
cessfully at the GSI heavy ion LINAC for various ion
species and energies between 5 and 11.4 MeV/u [4]. In
this paper its application for higher energies as extracted
from the heavy ion synchrotron SIS18 is described. Beside
the signal amplitude, the background contribution is of in-
terest, due to the rising neutron production [6]. In order to
cover the full range of aimed nitrogen pressures and beam
energies, two different experimental areas were used. One
is a LINAC-beamline for low energy (5 to 11.4 MeV/u) and
low pressure investigation (1 · 10−6 to 1 · 10−3 mbar). The
other location is a high energy beam transport line (HEBT)
behind SIS18. The BIF monitor was installed at a distance
of 2.1 m from the beam dump and the corresponding part
of the vacuum pipe was separated by 50 µm stainless steel
vacuum windows to admit gas-pressures up to 1 mbar. This
setup has been tested for Xe, Ta, U ions having energies be-

F. Becker et al, GSI

LEBT



First beam

19
L. Neri et al, INFN-LNS



First ESS Emittance Measurement

20
Olivier Tuske et al, CEA Saclay
Benjamin Cheymol, ESS



Flying wire
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Developed for CERN injectors

Innovative in-vacuum motor

Can fly through the ESS beam 
in a fraction of pulse length
(20m/s)

Can take full beam intensity

Results in seconds instead of minutes

Will be used in ESS HEBT

R. Veness et al, CERN



Bunch Shape Measurement

• At low beta, field is not 
transverse, and wall current 
does not reflect beam pulse 
length

• At ESS, this effect is 
significantly larger than the 
beam size in entire 
accelerator
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Bunch Shape Monitor 
A. Feschenko, INR
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Bunch Shape Monitoring (Feschenko Monitor)

Configuration of Bunch Shape Monitor: 1 6 target wire
2 - input collimator, 3 - rf deflector combined with 
electrostatic lens, 4 - output collimator or screen, 

4

The First Results of Bunch Shape Measurements in 
SNS Linac 
A. Feschenko et al, 
LINAC2004

K Parts of the beam hit a metal wire 
target (typ. Tungsten) in the beam pipe. 
K The wire emits low energy secondary 
electrons of a few eV.
K Since this process does not have a 
significant delay, the temporal 
structure of the electrons now 
represents the one of the bunch. 
K The electrons are accelerated   
radially away by a negative bias voltage 
(Utarg � -10 kV) on the wire. 
K A fraction of the electrons pass a 
collimator, an electrostatic lens and a 
varying Rf field of a deflector (URF= 
Acos(n�t+�). 
K The RF is a multiple n of the 
acceleration frequency of the beam and 
is synchronized in time.
K Depending on the arrival of the 
electrons in respect on the phase � the 
electrons received transversal kick, so 
that their longitudinal distribution is 
transformed into a spatial one after 
some distance. 

At that point the distribution can be measured by various detectors, e.g.: 
KPhosphor screen + CCD

KMultichannel electron detector 
KScanning phase + stable slit (or stable phase + scanning slit) + collector 

Bunch Shape Monitoring (Feschenko Monitor)
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With new symmetric deflector, 
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electron time dispersion, 
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unknown magnitude)
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Fancy diagnostics
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Dream Diagnostics

PLOT_DST

25

Sasha Aleksandrov, SNS

“magic 6D zero length monitor”



SLIT_X_1SLIT_Y_1
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SLIT_X_3

RF deflector

BENDING 
MAGNET

SNS 6D monitor

26

Measure all 6D correlations.
Takes a loooooong time
Can only be done in dedicated setup
Very useful tool to understand initial conditions

Sasha Aleksandrov, SNS



Gas Jets

• Using a gas jet can 
boost fluorescence 
signal without raising 
overall gas pressure.

• Ongoing work with 
Cockcroft, CERN and 
GSI to develop 
simplified and 
ruggedized version to 
be used in tunnel

27

C. Welsch et al, Uni Liverpool

 
Figure 2: Schematic drawing of a reaction microscope. 

The implementation of the reaction microscope into 
one of the straight sections of a low-energy storage ring 
requires substantial design modifications. Although the 
preferred extraction direction for the recoil ions is along 
the symmetry axis of the reaction, which is the projectile 
direction in the case of ion-atom collisions, the reaction 
microscope will be oriented perpendicular to the incident 
beam. This geometry has several advantages in terms of 
the mechanical realisation of the spectrometer. In 
addition, an axial extraction would need moveable 
detectors, since the beam diameter can be as large as 80 
mm during injection in the ring. Since the storage time for 
highly charged ions will be in the order of only a few 
seconds, this would lead to a dramatic decrease of the 
beam time available for measurements. 

The transverse extraction requires, however, both 
electric and magnetic fields perpendicular to the beam, 
which have to be corrected. To optimize both the 
spectrometer and the correction elements needed to reach 
a stable orbit, simulations were performed using the 
OPERA-3D code. A model of one quarter of the CSR ring 
including the reaction microscope is shown in figure 3. 

 
Figure 3: OPERA-3D model of the planned CSR in-ring 
reaction microscope. 

BEAM PROFILE MONITOR 
In both, the cryogenic storage ring (CSR) sketched in 

figure 1 and the ultra-low energy storage ring (USR) at 
the facility for low energy antiproton and ion research 
(FLAIR), the residual gas pressure sets an upper limit to 
accessible storage times. Therefore extremely high vacua 

in the range of 10-13 to 10-15 mbar have to be realized. 
Residual gas beam profile monitors cannot be used in 
these rings, since the expected count rates are much too 
low. One way to overcome this problem could be the use 
of the gas target of the reaction microscope to strongly 
increase the target density in a well-localized area. 

This requires a modification of the supersonic gas jet so 
that it can be shaped into a thin curtain with a variable 
thickness. By changing both, the shape and thickness of 
the target, the count rates can be varied over a wide range. 
Using a curtain shaped target crossing the beam at an 
angle of 45° with respect to the incident projectile beam, 
one detector would be sufficient to measure both, the 
horizontal and vertical beam profiles, simultaneously. 
Figure 4 shows a schematic drawing of such a beam 
profile monitor. A similar approach using a magnetically 
focused O2 gas curtain has been successfully used at KEK 
by the group of Hashimoto [5] for beams in the MeV 
range at much higher residual gas pressures.  
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Figure 4: Schematic drawing of the beam profile monitor. 

Given a typical cross section for an antiproton collision 
with e.g. argon in the order of 10-16 cm2 one can estimate 
the expected event rates resulting from the curtain target 
for such a beam profile monitor. The corresponding data 
for a cw antiproton beam with 106 particles circulating 
through a 50m ring at 20 keV energy is shown in figure 5. 
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Figure 5: Expected count rates for a 20 keV antiproton beam. 

projectile 
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Kuehnel et al, EPAC08



E-beam scanner/Profilometer

ELECTRON SCANNER FOR SNS RING PROFILE MEASUREMENTS* 
W. Blokland, S, Aleksandrov, S. Cousineau, ORNL, Oak Ridge, TN 37831, U.S.A.  

D. Malyutin, S. Starostenko, Budker Institute of Nuclear Physics, Novosibirsk, Russia 

Abstract 
An electron scanner has been commissioned to non-

destructively measure the transverse profiles in the 
Spallation Neutron Source (SNS) Ring. The SNS Ring is 
designed to accumulate on the order of 1.6e14 protons 
with a typical peak current of over 50 Amps. The electron 
scanner works by measuring the deflection of 50-75 kV 
electrons by the electric field of the proton beam. Two 
electron guns, one for each plane, with dipole correctors, 
quadrupole magnets and deflectors to shape the electron 
beam have been installed. This paper describes the system 
and the initial results. 

INTRODUCTION 
The electron scanner is the first instrument to measure 

the transverse beam profiles in the SNS accumulator ring. 
Alternative profile monitors such as wire-scanners were 
planned but not installed due to budget restrictions. The 
electron scanner projects electrons accelerated up to 
75 keV through the proton beam as depicted in Fig.1. 

 

 
Figure 1: The deflection of the electrons. 

The transverse profile is derived from the angle of 
deflection of the electron beam according to the following 
formula, see also [1,2,3]: 

 
dθ
dx

= e
mv 2

L
� ⋅ δ(x, y)

ε0

dy               

 
where e, m are the electron charge and mass, respectively, 
ν is the velocity, δ(x,y) is the proton beam density 
distribution, and θ is the electron beam deflection angle. 

This assumes that the path of the electrons is 
approximately straight, the net energy change to the 

electrons by the proton beam is close to zero, and the 
effect of the proton magnetic field can be neglected.  

ELECTRON SCANNER HARDWARE 
The electron scanner layout is depicted in Fig. 2 The 

different parts are: (1) electron gun, (2) deflection scan 
system, (3) dipole correctors, (4) quadrupole magnets, (5) 
vacuum chamber for proton beam, and (6) the phosphor 
screen.  

 
Figure 2: Diagram of electron scanner.  

The electron gun produces a pulse of about 1usec of up 
to 75 keV electrons with a maximum current of 5 mA. 
The scan system applies a 20 nsec long ramp to the 
defectors to project the electrons on a diagonal line. The 
diagonal projection makes the deflection of the electrons 
by the proton beam visible as a deviation from a straight 
line. The first quadrupole extends the range of the 
deflection while the second quadrupole focuses the 
electron beam such that the electron beam is parallel. The 
electron gun is pulsed once a second but faster rep rates of 
up to 5 Hz are possible. The time line is shown in Fig. 3. 
To minimize the electron beam size, the cathode heating 
is turned off for a few milliseconds before the acceleration 
pulse. 

 
Figure 3: Time diagram  

One vertical and one horizontal scanner are installed in 
the tunnel, see Fig. 4. GigE Vision CMOS cameras 
acquire the images from the fluorescent screens. Because 
the scanners are located in a straight section of the ring, 
the radiation levels are low enough to not damage the 
cameras. A single PXI-based computer running LabVIEW 
controls the cameras, timing, pulse generators and power 
supplies of the electron scanner. * ORNL/SNS is managed by UT-Battelle, LLC, for the U.S. 

Department of Energy under contract DE-AC05-00OR22725 

.

Proceedings of DIPAC09, Basel, Switzerland TUOA03
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Figure 4: Electron scanner installation. 

ELECTRON SCANNER SOFTWARE 
The software for the electron scanner consists of four 

parts: 
• Control software that controls the electron scanner 

hardware, including the timing.  
• Simulation software that simulates the projection of 

the electrons and creates test images for the Analysis 
software. 

• Imaging software that acquires the image of the 
projected electrons and analyzes the curve to 
determine the transverse profile.  

• Scan software that manages the Control software and 
the Imaging software to perform multiple 
acquisitions and produces 3-dimensional images of 
the beam bunch, e.g. a longitudinally integrated 
profile. 
 

Both the Imaging and the Scan software interface to 
EPICS so that the physics applications on the consoles 
can readout the results. 

Image Analysis 
The analysis has to take the derivative, dy/dx, of the 

curve to determine the profile. Because taking the 
derivative of data, especially pixel data from the camera, 
can provide noisy results, different analysis methods were 
tested ahead of commissioning using the Simulation 
software. These methods were: (1) find the peak in each 
column of pixels to find an (x,y) pair and take the 
derivative of all (x,y) pairs, (2) find the peak of a 
Gaussian fitted to each column of pixels to get an (x,y,z) 
pair (with z the intensity of the peak), then fit these pairs 
with a spline and take the derivative of the fit, or (3) fit a 
spline to all pixels weighted by intensity, and take the 
derivative of the fitted spline, see Fig. 5. The smoothing 
provided by the spline and Gaussian fit in method (2) 
most effectively mitigated the image noise problem and 
thus yielded the most reliable results. The spline fitting 
can find a profile even if there are gaps in the electron 
curve due to low electron density. 

 
Figure 5: Simulated Electron projections, the generated 
image and the different profile analysis fittings. 

RESULTS 
An example of the horizontal projected electron curve 

is shown in Fig. 6. This data is taken at about 5uC. The 
bright spot on the right consists of electrons that are 
outside the 20 nsec deflection scan waveform but still are 
accelerated by the 1usec long accelerating pulse. 

 

 
Figure 6: Image of the electron curve. 

Because the length of the scan is short, 20 nsec, 
compared to the bunch length of 600 nsec, we can 
perform scans at different locations within the bunch. By 
performing scans at regular intervals throughout entire 
bunch length, we can create 3-dimensional plots of the 
bunch, as shown in Fig. 7. The double peak is in the 
longitudinal direction and is confirmed by the Ring 
Current Monitor waveform.  

 

 
Figure 7: Shown on right is the 3-D profile for a 4 uC 
bunch in the accumulator ring. The width axis represents 
the transverse axis of the beam and is given in pixels with 
0.3 mm per pixel. The time axis represents the 
longitudinal axis of the beam and is given in 25 nsec per 
count. Shown on left is the longitudinal profile as given 
by a ring beam current monitor. 

TUOA03 Proceedings of DIPAC09, Basel, Switzerland
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• Scan probe beam of ions or 
electrons perpendicular to main 
beam, measure displacement and 
differentiate to get profile

• Slow ions average over many 
bunches, while electrons probe 
instantaneuos beam current.

• Very short (round) bunches in ESS, 
cause longitudinal displacement 
that is hard to disentangle from 
transverse.

W Blokland, SNS
R Thurman-Keup, FNAL
R. Jung, CERN (ion version)



Fancy use of basic 
(B3)diagnostics
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“Shishlo Method”

30

A. Shishlo, A. Aleksandrov,
Phys. ST Accel. and Beams
16, 062801 (2013).

Use sum signal from multiple BPMs to 
measure bunch lengthening from energy 
spread. Combine with cavity scan to 
measure longitudinal Twiss parameters 



Differential trajectories

31

E. Laface/Y. Levinsen ESS
T. Pelaia, SNS   
IPAC16

Method proven very powerful in rings. 
Can also be applied to linacs.
Note significant transverse focussing from RF



Areas of future improvement

• Gas jets (ruggedized)?
• Pump laser to generate distinct signature for 

BIF?
• Optical Diffraction Radiation?
• ...<insert new ideas here>...

• Better use of existing diagnostics!
• (Even) closer cooperation between beam 

diagnostics and beam physics people.

32
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Thanks for your attention!



SNS phase scan stability

34

A. Shishlo, SNS


