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Commissioning 
phase Required diagnostics Required sensitivity

phase1

• Faraday Cup (FC)

• Wire Scanner Monitor (WSM)

• Phosphor Screen (PS)

• Beam Loss Monitor (BLM)

• Beam Position Monitor (BPM)

• < 1% of 3E11ppp

• < 1mm:accuracy, <0.1mm:resolution

• < 1mm:accuracy, <0.1mm:resolution

• < 1% of 3E11ppp, τ<1us

• < 1mm in absolute/relative accuracy

phase2
• DC Current Transformer (DCCT)

• Wall Current Monitor (WCM)

• Beam Size Monitor (Scraper)

• < 1% of 3E11 [ppp], τ~100[ms]

• < 1% of 3E11 [ppp], BW~0.5-500 [MHz]

• < 1mm

phase3 • Schottky analysis for coasting 
beam position

• BW ~ 0.5 - 500MHz

FETS-FFA Ring Diagnostics

H
igh

Low
Priority

Large structure of diagnostics for non-destructive turn-by-turn measurements, whilst 
still providing required measurement sensitivity and resolutions. 
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BPM Updates
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FETS-FFA BPM
❖ A pair of electrodes (grey components in Fig.1), separated 

with a diagonal cut are placed along the beam direction.
❖ Earthed rings (blue components in Fig.1) are placed 

between adjacent electrodes to prevent electrical coupling 
between electrodes, improving position sensitivity.

❖ To demonstrate feasibility of preliminary design, half size 
prototype FETS-FFA BPM (Fig.2) has been manufactured 
and tested at ISIS Diag. Lab.

❖  Signal amplifier has been also provided with gain of 
30dB with 70MHz bandwidth (Fig.3).

Fig.1. Preliminary design of FETS-FFA BPM. 
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Fig.3. Signal amplifier assembly.
Fig.2. Half size prototype FETS-FFA BPM. 
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Layout at KURNS

Figure 4: The illustration of beam monitors installed in the KURNS main ring.

The beam position is also measured by the scraper to compare to the beam
positions computed by BPM. The scraper is made by an aluminium plate which
was attached on the L-shape rod as shown in Fig. 5. The rod was movable
in horizontal direction from the outside of vacuum chamber. The scraper was
initially installed at 34mm downstream of BPM chamber assembly. Later on, the
position of scraper was changed to upstream in the straight section to measure
the angle of beam orbit. The schematic layout of scraper and BPM in the
straight section is shown in Fig. 6.

The figure 11 plots the horizontal beam displacements from machine centre
computed by BPM and compared to the beam positions measured by scraper.
The averaged beam positions in the flat top energy of 27 MeV is computed
over two time of synchrotron periods, which is 4.7948 m with its RMS value of
0.4305mm. The beam position computed by the scraper measurements is 4.7920
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Figure 5: The beam position scraper. The size of scraper is 30mm x 150mm
with 3mm thickness, attached on the edge of L-shape rod.
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Figure 5: The beam position scraper. The size of scraper is 30mm x 150mm
with 3mm thickness, attached on the edge of L-shape rod.
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Figure 17: The WSM frame with �30 µm CNT wire.

Figure 18: The layout of experimental setup without shunt impedance (a) and
with shunt impedance of 10k⌦ (b).
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Figure 11: The horizontal position sensitivity measured by BPM with KURNS
beam.

Figure 12: Left: the shaker to excite the vertical betatron oscillation. Right:
the shaker to excite the horizontal betatron oscillation.

12

FAB

WSM BPM

Beam exciter

Scraper

5



Position Accuracy
• Beam positions are estimated 

by calibration coefficients 
measured at test bench at ISIS.


• Within 5 mm differences in 
beam position measured by 
between BPM and scraper 
(destructive monitor, aluminium 
plate).


• Reasons to make these 
differences are under 
investigation.


• Different shapes of BPMs will be 
designed due to constraints of 
space availability in the test ring 
by 2025.

R 
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Chapter 2

LATTICE, OPTICS AND DYNAMICS

1 Baseline Lattice Parameters
The number of cells is determined by compromise between the length of straight section and the orbit
shift between the injection and extraction momenta, called orbit excursion. The large number of cells
requires high geometrical field index k = (r/B) (dB/dr), we will call field index hereafter, hence the
small orbit excursion, that makes the main lattice magnet size smaller. The large number of cells, on
the other hand, divides the circumference into many and short straight sections. That is not preferable
for beam handling. Essential hardware equipment, especially the injection and extraction system, needs
enough straight space. It becomes a more crucial issue for the high intensity beams.

We found that a 16 cell lattice provides a little less than 1 m straight section with orbit excursion
of around 0.5 m. In order to make a longer straight section keeping the orbit excursion similar, we
introduced a superperiod structure. Four straight sections out of 16 is longer by squeezing other straight
sections, that makes a 4-fold symmetry lattice.

Table 2.1 and 2.2 shows the main parameters of the baseline lattice of a 4-fold symmetry FDspiral
FFA. Figure 2.1 shows top view of the ring. The long straight section is about 50% more compared with
that of the 16-fold symmetry lattice, that is about 0.85 m.
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Figure 2.1: Top view of the 4-fold symmetry FDspiral FFA. (a) whole ring and (b) one superperiod.
Wider red box shows Bf and narrower blue box shows Bd. Several black lines show injection and
extraction orbits at 16 different operating points specified in Table2.3

2 Fringe Field Model
Since the magnet design is not completed, tanh fall-off model is assumed as fringe field. It is expressed
using exponential functions
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Fig1. 2D plots of beam trajectories from 
11 to 27MeV proton beams at KURNS.

Fig2. Orbits at different flat-top energies, 
compared by scraper measurements.
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Monitor Requirements

Time resolution Constraints/Solutions

Ionisation 
Chamber

A slow integrated signal over a 
few ms (not decided yet) for MPS.

• Large structure, but easy to make.

• Sensitivity is unknown for low energy 

beam losses. To be proven by analysis and 
tests on FETS 3MeV H- beam.

Scintillation 
Monitor

To measure time structure of 
beam loss signals is required 
within 1 us.

• Space would be limited between chamber 
and Magnets. 


• PMT is weak at the stray magnetic fields, 
so use an optical fibres to guide a signal 
from a scintillation plate. 

1. 100% machine circumference (23m) should be covered uniformly.

2. At least a few par cell in beam direction.

3. BLMs on both radial sides of vacuum chamber.
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Secondary Particles
• Motivation:

• Investigate an ideal monitor size to detect 
beam-loss signals generated by 1% of full-
beam intensity (1E11 ppp).

• Simulations by PHITS:

• A tilted proton (pencil beam: 3MeV) beam 
hits the vacuum chamber in vertical.

• SUS vacuum chamber is 10mm thick. (Not 
decided yet)

• Counted secondary particles in the 
Scintillators (BLM: void box) which are 
placed outside and inside chamber.

• Conclusions:

• Scintillation plates/fibres will detect 
secondary photons at outside vacuum 
chamber, between York and chamber.

• Scintillation plates/fibres placed at inside(4)/
outside(1) shows about 60% difference in 
counting rate (R) of photons (R4/R1=1.6). 

• Still 40% photons can be detected at outside 
of chamber, and the fibres/plates will not be 
necessary installed in chamber.

600
80

12 345
6

7
1: Right side of vacuum chamber 
(outside)
2: Left side of York
3: Right side of York
4: Right side of vacuum chamber 
(inside)
5: Left side of vacuum chamber (inside)
6: Top of vacuum chamber (outside)
7: Bottom of vacuum chamber (outside)
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Fig1. Diagrams of simple FFA magnets and chamber with BLM (void) boxes in 
PHITS.

Fig2. Secondaries coming in each BLM boxes.



Scintillation Materials and Geometries

Material Study of Scintillation Monitor

Emi Yamakawa

1. INTRODUCTION

Scintillation monitors will be used as a Beam Loss Monitor (BLM) in the FETS-FFA ring. The nominal ring
parameters are presented in Tab. 1.

Table 1. Nominal baseline parameters of FETS-FFA test ring 1.

Beam Energy 3-12MeV

Beam Intensity 3E11 ppp

Repetition Rate 50Hz

Radius at Injection 3.6m

Horizontal Excursion 634-689mm

Vertical Physical Aperture ±32mm

Ideal Stray Field

in Straight Sections <50 µG

Based on the commissioning scenario, physics requirements to the scintillation BLMs in the FETS-FFA ring
are listed as followings.

• The system of scintillation BLMs should detect loss of within 1%, as small as possible, of full beam intensity
(1E11 ppp). This 1% is averaged over the whole machine, not just at a single beam loss monitor. Therefore,
the single beam loss monitor must detect the beam loss signal much smaller than 1% of 1E11 ppp.

• The scintillation BLMs should provide a fast time response for machine commissioning within 1 1 µs.

• The scintillation BLMs should satisfy high durability against radiation damage and magnetic fields close to
the FFA main magnets (Tab. 1).

Proposed scintillation materials from Detector Group are YAP(Ce) and YSO(Ce) for BLMs in the FETS-FFA
test ring. The typical properties of both materials as well as NaI(Tl) are summarised in Tab. 2.

Table 2. Property of scintillation materials.

Property YSO(Ce) 2 YAP(Ce) 3 NaI(Tl) 4

Decay Times [ns] 50-70 28 230

Light Yield [photons/MeV] 10,000 25,000 55,000

Density [g/cm3] 4.5 5.37 3.67

Melting Point [K] 2273 1875 924

A concern of scintillation BLM is whether the monitor has an enough sensitivity with low-energy and low-
intensity beam-loss signals generated in the FETS-FFA ring. The thickness of scintillation plate should be within
1mm? when installing at between FFA main magnets and vacuum chambers on top or bottom sides.

This report is aiming at investigating the material feasibility of di↵erent scintillation materials to select
appropriate materials for the scintillation BLMs used for the FETS-FFA test ring.

2. FLUENCE OF SECONDARY PARTICLES

Secondary particles generated at vacuum chamber (Target) with 3MeV proton beam were computed by PHITS.5

Input parameters in this simulation are summarised in Tab. 3. A target thickness is fixed at 10mm with area of
10⇥10 cm2 as shown in Fig. 1.

File = 3dshow.out Check geometry using [T-3dshow] tally Date = 11:49 06-Jul-2023
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Figure 1. Example of target (Chamber) and detector (NaI) geometry in PHITS.

Table 3. Property of scintillation materials.

Property Value

Beam Energy [MeV] 3

Target Thickness [mm] 10

Target Material SUS-304

Target Density [g/cm3] 8.03

Detector Material YAP(Ce), YSO(Ce), NaI

Detector Thickness [mm] 1, 5, 10

Target and Detector Area [cm2] 10⇥10

The fluence of secondary particle in the detector is computed as shown in Figs. from 2 to 4 for the case of
di↵erent materials of detectors.

File = track_eng.dat Track Detection in xyz mesh Date = 00:06 09-Sep-2023
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Figure 2. Fluence of each secondary particle in 1mm (left), 5mm (middle) and 10mm (right) thickness of NaI detectors.

It can be seen that there is no significant di↵erences in the distribution of each secondary particle in di↵erent
detectors.
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• Suitable materials and geometries have been 
studied for Scintillation BLMs in the test ring:

• A few mm thick YAP,YSO will be tested on 
FETS with supports from Detector Group in 
ISIS.

• Selection of optical fibres and PMT as well as 
electronics treatments should be performed in 2024.
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Fig. 3. Response function of NaI and YAP detectors with different thicknesses.



Ionisation Chamber BLM
• ISIS-IC-BLMs are the model for 

FFA-IC-BLMs:


• Ar-gas filled in between two 
cylindrical tubes.


• Electron collection:


• Inner tube: grounded via 
downstream amplifier


• outer tube: negative voltages 
are applied.


• Ideal geometry, types of gas, bias 
voltages should finished in 2024. 

11

Figure 5 cross section of BLM (800 MeV system). 

period. The necessary degree of radiation hardness, and a 
dc - 20 kHz frequency response, have been achieved using 
triaxially configured monitors coupled to remote (m30m) 
head amplifiers with low capacitance cable. The increasing 
chamber sensitivity as a function of lost beam energy in 
the 70 - 800 MeV range (see Fig. 2), and a double-screened 
installation, help to maintain a good signal to noise ratio. 
A cross section of the synchrotron BLM is shown in Fig. 
5. The important features of the signal conditioning and 
data acquisition system are shown in Fig. 6. In addi- 

i-l 

Figure 6: 800 MeV synchrotron system schematic 

tion to the facilities provided by the 70 MeV system, this 
system has two useful tools that aid in minimising beam 
loss during the 10 ms acceleration cycle. These are; a fast 
(Rlscj microcomputer-controlled display showing beam 
loss in four preselected time bins, and an analogue sum 
signal showing total beam loss, in the time domain, on a 
digitising oscilloscope in the MCR. 

2..5 800 MeV Transport System 
The distribution of BJ,M’s in this area is shown in Fig.1. 
The monitors are 4 rn long versions of the synchrotron 
type. Head amplifier time constants have been optimised, 
to take advantage of the short pulse nat,ure (<l/is) of the 
extracted beam pulse. Data is output, t.o a dedicated vec- 
tor graphics display and to a microcomputer with beam 
interlock and logging functions. 

3 OPERATIONAL EXPERIENCE 
The global BLM system has proved to be a powerful ma- 
chine tuning and protect,ion diagnostic. The system plays 

an important part in ensuring that; operational loss is re- 
stricted, almost entirely to 70 - 80 MeV beam, lost during 
injection (-2%) and trapping (-10%); and that this loss 
is localised at graphite beam collectors in one superperiod. 
Dose rates measured 0.5 m from the collectors are typically 
-40 mSv/hr, and maintenance in this area requires the use 
of local shielding and specialised handling methods. Fine 
tuning techniques, using wideband analogue beam loss sig- 
nals, have been developed for minimising loss during beam 
transport, injection, trapping, acceleration and at extrac- 
tion. 
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Figure 7: Operational data 

Fig. 7 shows yearly totals of beam on target, and also 
average contact dose rates (excluding loss on collectors) for 
the synchrotron at the start of the annual shut.down. The 
dat,a suggests that the regime of ‘hands-on’ maintenance 
will continue to be supported with mean beam to target 
currents in the 180 - 200 /IA range. 
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Fig. 1. Sketch of Ring-BLM used in ISIS [1].

Fig. 2. Test demo-BLMs on FETS beam dump.
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Beam Intensity Monitor  
Updates
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Monitor Requirements
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1.The intensity resolution of all Intensity Monitors is within 1% of injected beam 
(maximum intensity is 3E11). 
1.Maximum peak current for WCM: 160mA (3E11 ppp for 300ns) 
2.Minimum peak current for WCM: 1.6mA (3E9 ppp for 300ns)
3.Coasting beam intensity can be one order higher in ideal.
2.WCM: 
1.The bunched structure with length of about 300-350 ns should be identified. 
2.Reading at least 100 harmonics (400-500 MHz) of frequency component is required.
3.DCCT:
1.At least for 4 pulsed durations (80 -100 ms) should be identified. 
4.Physical placements:

• One FC in the ring or on FETS beam line.
• One WCM at a straight in the ring.
• One DCCT at a straight in the ring.



FFA-WCM model in CST
Vacuum boxCore

Ceramic

Spacer Lumped Element (R)Chamber
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• E-fields in HF solver (time domain).


• R=1.56Ω x 1, 1.56x48Ω


• X=0mm, x=296.5mm

WCM: wave propagation in CST 

1. Microwave propagates in x,y,z directions.

2. Position of beam changes traveling time of wave in ceramic spacer and RF shield, 

causing a position dependency of pickup signals on resistor.

3. Large quantity of resistors covering ceramic spacer help to terminate microwaves at 

resistors. 15



WCM: CST HF simulations 
Sum signal of all Elements:FT3M

τ is consistent to analytical estimation (L/R).

16

Fig. 1. Time response of WCM with different numbers of resistors. Excitation frequency is 
DC-500MHz in this simulation.



Long-Time Constant CT Monitor by 
Negative Impedance Converter

1. Input impedance (Z) becomes close to zero by 
adjusting the ratio of four resistors, resulting in 
a large decay constant of the droop (τ = L/Z). 

2. Turn number of the coil wire (N) should be 
large enough to increase L, but wire 
resistance is increased.

3. Trimmer should be placed in R1 to cancel the 
coil resistance and adjust the ratio between 
four resistors. 

4. Test was performed in the Lab with FT3M 
core.

1. Time constant is185 with R1=5.140 Ω 
(Top in Fig.19).

2. Droop time is 0.53% reduction over 1 s 
(Top in Fig.19).

3. When the input current is 1 mA, the 
decay constant is not consistent as the 
base was not stable. 

4. Current sensitivity of NIC is sufficient to 
detect the required minimum intensity of 
3E9 ppp (1.6 mA with 300 ns). 

impedance of OPamp.
The decay constant is measured with long pulsed signal generated by a signal generator with 50⌦

resistor in series on the one turn coil. The result is 4.5 s in time constant as presented in Fig. 15 (left)The
right hand side of figure in Fig. 15 presents the monitor sensitivity with a lowest input current (0.2 mA) on
the one turn coil. The minimum current to be measured in the FETS-FFA ring is about 1.6 mA (3E9 ppp
with 300 ns bunch length).

(a) Measurement of Long pulse.
(b) Measurement of lowest input current with feed-
back.

Figure 15: The frequency (top) and phase (bottom) response of feedback CT monitor.

These tests of the feedback CT monitor demonstrated pushing up the gain in a low frequency
region and extended the decay constant of the system, which satisfies the required physics specification
on the FETS-FFA DC-CT monitor. The required current resolution of the monitor is also satisfied by the
feedback CT test monitor. The optimisation of circuit component will be still required to improve the
droop constant for 100 ms or longer.

4.3.2 Single CT with Negative Impedance Converters

Further improvement to extend a decay constant of the CT monitor can be achieved by a Negative Im-
pedance Converter (NIC) [12]. As shown in Fig. 16, the input impedance (Z) becomes close to zero by
adjusting the ratio of four resistors, resulting in a large decay constant of the droop (⌧ = L/Z). The
detail of mathematical approach on NIC can be found in [12].

Figure 16: The sketch of CT with NIC [12].

The number of coil windings should be large enough to make the decay constant of the droop time
long even when the input impedance (Z) is adjusted to be at around zero. When the turn number of the
coil wire is increased, the wire resistance will become large. The trimmer should be placed in R1 as
shown in Fig. 16 to cancel the coil resistance and adjust the ratio between four resistors. This would be
difficult to cancel the resistance on the coil if it is too small. However, the larger the winding numbers
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on the coil is, the lower the current is induced on the secondary coil. Furthermore, the large number
of windings of the coil will cause a large stray capacitance between wires, which causes unwanted
resonances. Therefore, the turn number should be chosen by looking at the reasonable balance between
the signal strength and the ease of adjustment of electronic components.

Test with Small Core of FT-3M

The test of NIC is performed with the FT-3M core (Tab. 2). The block diagram is shown in Fig. 17.

Figure 17: The block diagram of the test core with NIC.

Firstly, the decay constant (⌧ ) is measured by changing the 16 bit of switch resistance (R) as
shown in Fig. 18 with a fitting function of inverse proportion as defined by

⌧ = � L

R0 �R
+ ⌧0 (9)

where L, R0 and ⌧0 are the free parameters. From the fitting results, the estimated L is not too far from
the inductance of the core (11 H) measured by LCR meter.

The time constant is measured with the pulsed signal as shown in Fig. 19. In the figure, the
switch of resistor was 5.140⌦. The decay constant of the top figure is 185 s and its droop time is 0.53%
reduction over 1 s . When the input current is 1 mA, the decay constant is not consistent as the base was
not stable. However, it is clearly seen that the current sensitivity of NIC is sufficient to detect the required
minimum intensity of 3E9 ppp (1.6 mA with 300 ns).

The frequency response of the system was also measured as shown in Fig. 20. When the meas-
urement was performed with NIC component (blue markers), the system becomes unstable when the
frequency was higher than a few hundreds kHz. Even when the additional resistance (470⌦) were added
on inductance L in parallel to dump the oscillation, it did not changed the resonant frequency. The NIC
was removed and the output voltages over the 50 ⌦ termination (red markers in Fig. 20) was measured.
It is also seen that the oscillation starts at around 100 kHz. Therefore, it is concluded that the stray capa-
citance Cs on the coil wire, the core itself and the core inductance of L are resonating together at higher
frequency at around 100 kHz.

Although the resonance at high frequency region would not be an issue to measure a coasting
beam for 100 ms, the attention should be made when winding the coil wire on the core.
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Figure 19: The NIC output signal (blue) with the input pulse (red) of 68 mA (top) and of 1 mA (bottom).

resistivity of the core will depends only on the gap resistivity. This means that the gap length is a
dominant parameter for a field sensitivity in the air gap.

Test of Magnetic Sensor AFF755 with Ferrite Gap

To demonstrate a DCCT monitor with AMR sensor, a high permeability Ferrite core is prepared as shown
in the Fig. 21. In this core, Rc is neglected compared to the Rg (Rc/Rg = 0.01), and the flux changes in
the air gap will be dependent on the gap length.

As for a AMR magnetic sensor, the AFF755 [10] is chosen as its high sensitivity in magnetic
fields (<20µG). After the initialisation of AFF755, the magnetic sensitivity was measured by changing
the input current of the test coil on the AFF755 as shown in Fig. 23. The current on the test coil is
generated by a signal generator with a 50⌦ resistor in series. The test current is 1 kHz of sin-wave. The
positive and negative output signals from AFF755 are in the differential amplifier (LT1028) with gain of
10 (Fig. 22). In Fig. 23, the 100 kHz low pass filter (digital filter) is applied on the output signal from the
OPamp in offline (top). The peak-to-peak amplitude was normalised by the supply voltage (9.0 V) and
plotted in a function of magnetic field strength (bottom) which is converted from the input current by the
magnetic field strength per test current (0.35 A/m/mA in data sheet [10]). The estimated field sensitivity
of 11.9 mV/V/kA/m is lower than the one written in the data sheet (15.0 mV/V/kA/m).

The AFF755 was installed in the air gap of the racetrack Ferrite core as shown in Fig. 21. There
are 10 turn coil on the core where the input current is applied. The input current is generated by a signal
generator with 50⌦ resistor on the coil wire in series. The frequency of input signal is 1 kHz in this

16
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Beam Profile Monitor  
Updates
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Commissioning Plan
1. In the commissioning phase 1:

1. Single wire and scintillation screen are used to identify the beam 
position and beam profile at injection straight in the FFA ring. 

2. Single wire or scintillation screen will be used to identify how far the 
beam goes around in the ring if the BPM does not work. This includes 
profile/position of intermediate and final energy of beam.

3. Multi-wire profile monitor will be used pulse-by-pulse measurement at 
injection in the ring. 

2. In the commissioning phase 2 and 3:
1. Single wire and scintillation screen are placed at extraction line 

(outside of ring) and measures beam position and beam profile. 
2. Multi-wire profile monitor will be used pulse-by-pulse measurement at 

extraction line. 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Screen Monitor: Thermal Analysis
❖ P46 and YAG:Ce : 5um thickness 

❖ Screen substrate is made by 2mm thickness 
of quartz. 

❖ Screen holder is made by 3mm thickness of 
aluminium.  

❖ Cooling: Radiation and convection.

Heat power 18 W

Thermal conductivity of air 10 W/K/m2

Emissivity in vacuum 0.2

Room temperature 300 K

❖ To benchmark simulations, beam tests on FETS are proposed.

❖ YAG: crystal

❖ Ceramics (BeO)

❖ P46: Powder type 
20

Fig. 1. ANSYS steady-state thermal analysis.

Fig. 2. YAG screen on the mounting frame.



WSM:Heat Damage Test on FETS
• φ20,30,40 and 50um CNTs were installed on 

WSM frame.


• Light emission from the wires can be seen, but  all 
wires have not been broken within 10-20 min.
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Figure 10: Measured beam profile by several diameters of CNTs at 16h43m.
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Figure 11: Measured beam profile by several diameters of CNTs at 16h47m.
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Figure 12: Measured beam profile by several diameters of CNTs at 16h49m.
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V30 CNT H30 CNT

Figure 15: Pictures when each wire was at centre of beam pipe.

V20 CNT H20 CNT

Figure 16: Pictures when each wire was at centre of beam pipe.

where �b is the Boltzmann constant, S is the surface area from which the thermal power is dissipated,
✏ is the emissibity and T0 is the ambient temperature (27 �C). The peak temperature on CNTs is
stable about 2 s after the injection, which is lower than the melting temperature of carbon (3000 �C).

Figure 17: Analytical heat estimation when the beam pulse is 200 us pulse with 28 mA peak intensity.
The initial temperature was 27 �C. The emissivity of each diameter of CNT was chosen to be 0.2.

Regarding to simulation, the wires will not be broken by a heat caused by the FETS 3 MeV H-
beam with 28 mA.
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2.2 Wire Scanner Monitor
The ISIS single-wire injector profile monitor will be replaced by a multi-wire monitor with new control
units. The same monitor and its motor control units are used in FETS beam test as well. On the monitor
head, the several diameters: �20, �30, �40 and �50um of Carbon Nano Tube (CNT) wires are mounted.
It was impossible to mount a �10um CNT on this frame head with this design. Figure 3 shows the
horizontal and vertical orientated single wires mounted on the monitor head. The monitor shaft and head
are inclined at 45 degrees, traveling over about 146mm from the park position. The vertical oriented
wires will give a horizontal beam profile and the horizontal oriented wires will measure a vertical beam
profile when the monitor head moves over the beam size. The proton Range in Carbon material (1.4
g/cm3 as CNT) is expected by about 120um given by SRIM [6] software. All H- beam will not stop at
the CNT wires completely, therefore the reading signal from wires is expected to be captured electrons
of H- beam by direct interactions.

Figure 3: Horizontal and vertical oriented CNT wires mounted on WSM head. From right hand side in the picture,
there are �50um, �40um, �30um and �20um CNTs mounted on the frame.

Two different measurement setups are considered. One is to measure a pulse length of H- beam
with variable gain current amplifier (FEMTO, DLPCA-200) [4] and the signal is monitored by an oscil-
loscope. The aim of this measurement is listed below.

– To see a thermal damage on wires. It should monitor the wires whether the wire is broken down
by the heat due to low energy H- beam.

– To see a pulse waveform and its amplitudes by different diameter of CNTs. The waveform meas-
ured by different CNT diameters can help to decide which wire should be used for FFA ring.

The another purpose of WSM test is to measure a beam profile by scanning the wire positions over
the beam size by drive control units automatically. The control units set the wire positions and acquire
the wire signals at every trigger timing. The control units have a charge amplifier with gain of 4.7k at
bandwidth of 50kHz after low pass filtering. After the amplifier, the signal is digitised by FPGA ADC
board [5] on main control unit for 100us after trigger timing. The averaged over 10 samples during 100us
is saved in the file at each wire position. Therefore, the trigger timing with respect to (w.r.t.) the pulse
width should be adjusted first. (This was not done in this test!) All the control system is written and
controlled by LabVIEW control software.

3 Beam Test
The signal of Current Transformer (CT) monitor is shown in Fig 4 when the peak pulse intensity of
24mA on the day. The pulse length is measured by the time duration at 0.02V of waveform amplitude,

3

As beam intensity in FETS-FFA (1E11) is 100 times smaller (1E13 in this 
measurement), therefore heat damage would be not a crucial issue in test ring.

Figure 5 shows light emission at the wire when interacting
with the FETS beam. The smaller the diameter of the wire,
the weaker the light emission can be seen at the wire. Based
on the beam parameters when the pictures were taken, the
steady temperature on the q20 µm is predicted to be beyond
1000 °C, and the q20 µm CNT was not broken after at least
10 minutes of exposure to the FETS beam of 28 mA peak
current (3.5E13 ppp with a 200 µs pulse). This is a factor
of 1 ◊ 103 and 1 ◊ 102 larger than the peak current of the
injection pulse (6 ◊ 109 ppp) and the multi-turn accelerating
beam (3 ◊ 1011 ppp) in the FETS-FFA ring. Therefore, the
considered thickness of CNTs are not expected to be dam-
aged rapidly by the injection beam in the FETS-FFA ring.
However, the heat damage over longer durations should also
be analysed in future.

Figure 5: Light emission from the q50 µm (left) and the
q20 µm (right, in the circle) CNTs with the 3 MeV FETS H�

beam. The wire was aligned at the centre of the beam pipe
when the photo was taken.

Pulse Width Measurement on FETS

The pulse width of the FETs beam was measured by the
SWIP. The pulse width is determined by the time window
which is above 2 times of standard deviation of the noise
level. The noise level is found by computing the RMS within
a time window at the end of the data when there is no beam.
According to the SRIM [13] simulation, the proton range of
3 MeV is expected to be about 120 µm in a Carbon material
(1.4 g/cm3). Therefore, H� beam will not be fully stopped
at the CNTs mounted on the frame, and the electrons of H�

beam will be directly captured by the wire. The negative
charge signal is converted to the voltage signal by the op-
erational amplifier and monitored by the oscilloscope. The
gain of amplifier is 1 ◊ 103 V/A with 500 kHz frequency
bandwidth.

As shown in Fig. 6, the pulse width measured by each CNT
wire is within about 5 % di�erent from the one measured by
the CT monitor (210 µm) located at about 535 mm upstream
of the SWIP. In the integrated signal within the pulse width,
the number of primary H� particles is degraded by about
18 % when it reaches the downstream wires (vertical profile
wires in Fig. 6), that agrees with the PHITS [14] simulation.
Although the integrated signal was not proportional to the
cross-section of the wires, these data will be useful to predict
the signal strength when the required diameter of wire is
used in the FETS-FFA ring.

Figure 6: The measured pulse length (left) and the integrated
pulse signal (right) of the FETS beam. The error bar is the
RMS pulse length and the RMS integrated wire signal over
5 pulses.

BEAM PROFILE MEASUREMENT
Profile Measurement on FETS

The measurement was done by SWIP scanning the wire
positions over the beam size. The control units set the wire
positions with a stepper motor and acquire the signal at every
trigger timing. The control units have a signal amplifier with
a gain of 4.7E3 V/A at bandwidth of 50 kHz after low pass
filtering. At each monitor step, 10 samples were acquired
over 100 ms following a trigger, and averaged before being
saved to disk. As shown in Fig. 7 and Table 2, beam profiles
were measured by all CNT wires, and all measured horizon-
tal beam sizes are consistent. The vertical beam sizes are
not all consistent, which could be due to scattering from the
upstream horizontal profile wires. Based on lattice simula-
tions on the FETS, the RMS beam size at the position of the
SWIP is about 4–5 mm. Although the distance between adja-
cent wires is bigger than the expected beam size, the protons
generated at the wires will come in the neighbouring wires,
decreasing the signal strength and the signal sensitivity.

Figure 7: Beam profiles measured by each CNT wire. The
scan range was 148.5 mm with a step size of 1 mm. The
peak pulse intensity measured by the CT monitor was about
13 mA in this measurement.

Profile Measurement on hFFA

A beam experiment with the single WSM was performed
in the hFFA ring at KURNS [15]. The wire position was
fixed at the orbit of about 13.5 MeV where the turn sepa-
ration is about 29 µm. A CNT wire with diameter q10 µm
was mounted on the frame as shown in Fig. 8. As the range
of 13.5 MeV protons was found to be 1.67 mm in a Carbon
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S-WSM:Demonstration at KURNS
• Simulation was performed with vFFA parameters 

(Fig.1).

• To demonstrate monitor concepts, beam tests 
were performed at KRNS FFA ring.

• Test probe and wire frame were designed 
and manufactured.

• φ10um was tested at 13.5 MeV orbit, where 
turn separation of about 30umm.

• Pulse signal was measured by test monitor, 
which is within same order of the one 
measured by scraper. 

Demonstration at KURNS
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• Demonstration was done, beam size is within same order of 
the one measured by scraper. 

• Challenge in hFFA is that a turn separation at 3 MeV would 
be smaller than 10um and scattering angle is much larger. 
Simulation is required.

• Heat damage of low energy protons.

When turn separations are smaller than wire thickness, the wire does not destroy whole 
beams and can estimate profile in the acceleration.

Demonstration at KURNS

CNT φ10um was at 13.5MeV orbit.  
 Turn separation would be Δx~30um

• Energy loss due to scattering would be 40keVx283turns=11MeV in case proton 
hits CNT every turn while it passes through the wire. This is worst case scenario.


• Beam blow up due to scattering would be computed by  ~ 2mm.mrad 
(θrms~2mrad), which is 1/3 of geometrical emittance.  

 

Fig.12: Scattering upon passage through a foil. Trajectories of  particles scattered by the r.m.s. angle, Eq. (18), 
are sketched in the left part of the plot. Matched phase-space trajectories  before the transition (normalized to 
circles), after the transition, and finally after filamentation are sketched  in the right part of the plot. 

It gives the r.m.s. scattering angle (in each of the transverse planes) for a particle of charge 
number pq  (= 1 for protons), total momentum p [MeV/c] , velocity p p /v cβ =  , traversing a foil of a 

material with a ‘radiation length’ and of thickness L;  is a small correction factor to be 
neglected from here on. The increase in r.m.s. emittance of a traversing beam after filamentation (in 
the subsequent machine) can be calculated using (18) (Appendix D):  

radL corrδ

2
rms

1
( )

2k kσε θ xβ∆ =  .  (19) 

This assumes that the beam is matched in the absence of the foil. By readjusting the focusing in 
the downstream part of the line, the increase can be somewhat reduced (Appendix D). 

Equation (19) also applies to the blow-up per turn due to an internal gas target in a circular 
machine. Here the ratio  in Eq. (19) is conveniently obtained if both the ‘target thickness’ (as is 
customary for targets) and the radiation length in the gas are given in g/cm

rad /L L
2. Two observations can be 

made from Eq. (19): 

– the blow-up is independent of the initial emittance and 

– it is proportional to the value of the focusing function ( )xβ  at the foil or the target. 

Hence the interest in having a low β  at the location of the scatterer. 

Examples are given in Tables 3 and 4. The stripping foil in the PS to SPS transfer line (Table 3) 
was used for the final stripping of lead ions. The emittance blow-up was acceptable for the fixed-target 
experiments at the SPS. For the LHC ion beam with a much stricter impedance budget, a low β (about 
5 m instead of 20 m) will be created at the stripper position to reduce the emittance increase to 
tolerable values [13]. To this end, four additional quadrupoles will be inserted into the line. 

 

 

 

SOURCES OF EMITTANCE GROWTH

257

*”SOURCES OF EMITTANCE GROWTH”, D. Möhl, CERN, CAS.  
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Fig. 1. Estimated beam profile at around 3MeV (left) and 12MeV 
(right) with vFFA parameters. Average turn separations are 64um  for 
3MeV and 25um for 12MeV. Scattering angle and energy loss of 
particle at wires are neglected.
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Summary and Future Plan 
• Variety monitors are essential to be developed for the test ring.  FETS-FFA test ring is a TEST MACHINE to 

test diagnostics monitors as well.


• Collaborations with JPARC(consultants)/PSI(exchange knowledge)/Kyoto University(Electronics 
development for CT monitor) have been started.


• BPMs: 50% progress


• Focus on design works.


• BLMs: 50% progress


• Design study for both BLMs finished in 2024.


• Beam tests on FETS or JPARC to benchmark design studies.


• Intensity Monitors: 30-50% progress


• WCM, NIC-CT: Design study and build test monitors at ISIS in 2024.


• Faraday cup: Design study by students in Industrial Placement Scheme in 2024-2025.


• Profile monitors: 50-70% progress


• Update mechanical designs of S-WSM and M-WSM in 2024-2025.


• Screen tests on FETS or JPARC.
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Fin.



Decay Constant
• Expected (ideal) time constant (τ) : FT3M: 4us , FR68: 61ns (µr~3e4 for FT3M, 

µr~100 for FR68).


• When the frequency of excitation signal is DC - 5MHz, measured time constants in 
CST are good agreement with expected time constants.

CST HF solver: Exc. 0-5MHz.
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