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Abstract

Thin targets, in the forms of wires, stripes, or foils, are of-
ten used in accelerators to measure the properties of particle
beams. Motivations for a small thickness, typically between
several and hundred micrometers, are diverse. Minuscule
diameter of a wire allow for precision measurement because
it is probing a small fraction of the beam’s transverse pro-
file. In case of high-power beams, the important rationale is
also a small energy which beam deposits in the target and
a good cooling because of a large surface-to-volume ratio.
In certain beam conditions, the temperature of the target is
still very high and lead to wire damage. This paper presents
detailed analysis of ductile breakage of a molybdenum wire
and gives a short overview of other damage mechanisms for
various materials.

INTRODUCTION

Thin wires, stripes or foils, are often used in accelera-
tors to probe the particle beams or to strip ions to different
charge state. They are also used in electrostatic septa mag-
nets, to separate space with field from a field-free region.
Here we focus on wires used in wire scanners and Secondary
Electron Monitors (SEM grids), where they serve as thin tar-
gets to probe the transverse beam profile. Nevertheless, the
presented findings can be also useful for other applications.

The small thickness of the target has the following conse-
quences:

* thinner objects have larger surface-to-volume ratio; the
main cooling processes are determined by the surface
while heating depends on the volume, therefore a larger
surface-to-volume ratio leads to lower temperature;

* the heating process is mainly due to particle interaction
with target electrons; for thin targets some of the elec-
trons are kicked-out effectively leading to the energy
deposition significantly smaller than expected from the
Bethe-Bloch model;

* thinner objects lead to smaller beam perturbations; wire
scanners in high-energy proton machines are almost
non-intercepting devices.

Limiting the temperature of the wire is crucial because of
the damage but also because the thermionic electron emis-
sion at high temperatures can dominate the secondary elec-
tron emission process, which is the measured signal.

The lower limits to the thickness of the wires and foils
are related to the way they are handled and mounted. For
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practical reasons it should be easy to manipulate them man-
ually, without special equipment. In case of carbon fibers
the manual handling becomes very difficult for wires thinner
than 10 ym.

There are two ways of reading the signal from thin target
detectors, either by above-mentioned secondary emission
current or by measurement of the flux of the secondary par-
ticles shower generated in the wire.

MATERIALS

Tungsten, molybdenum and carbon fibers dominate mate-
rial choice for thin targets in high-power beams. It is because
of a very good combination of thermal (i.e. melting or subli-
mation temperatures), mechanical and electrical properties
of those materials. Other materials are beryllium, silicon
carbide, tantalum, quartz and titanium. There are ongoing
researches on use of high-temperature resistant ceramic ma-
terial or carbon nanotubes (CNT) [1]. Some of the critical
parameters of the materials are shown in Table 1. Strength
stands for an approximate ultimate tensile strength for wires
of the relevant diameter. Heat capacity and ultimate tensile
strength values are given at room temperature. Final choice
is a compromise between various parameters of the material,
beam, RF-environment and the scanner itself.

Table 1: Thin Target Material Properties. For carbon fibre
(CF) melting temperature is replaced by sublimation temper-
ature and for SiC by chemical decomposition temperature.

Density Strength Melting Heatcap Z

[g/ cm3]  [GPa] temp [K] [J/mol K]
CF 1.8 3.1 3915 8.5 6
Be 1.8 0.8 1560 16.4 4
SiC 3.16 4.0 3100 1.1 12.6
Mo 10.3 2.1 2896 24.1 42
Ta 16.7 0.7 3290 25.6 73
W 19.3 34 3695 243 74
CNT 02 0.5 3915 7.2 6

HEATING AND COOLING

The main wire heating mechanisms are coupling to the
RF fields generated by the beam or leaking from the cavities,
and direct interaction with the beam particles. In the first
case, the maximum temperature depends on RF field and
is reached at various positions along the wire. In the sec-
ond case, the heating pattern follows the beam profile. The
Bethe-Bloch formula states that the heating is proportional
to Z - p, so low-Z and low-density materials make better tar-
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Figure 1: Electron microscope image of molybdenum wire
broken in proton beam at PSI transfer line.

gets. Therefore, researchers hope for targets made of carbon
nanotubes [2].

Other heating mechanisms are, for instance, ohmic heating
due to currents flowing through the wire or electromagnetic
discharge between the wire and the accelerator components.

Cooling

The two principal cooling mechanisms are radiative and
thermionic emissions. The heat capacity of the wire plays an
important role for the fast scan of high-brightness beams [3].
Due to small cross section of the wire, the conductive cooling
is usually negligible.

DUCTILE DAMAGE

The scanner studied here [4] is located on the 590 MeV
proton beam of Ultra Cold Neutron beamline at the PSI
High Intensity Proton Accelerator facility . The beam is
produced in 8 s long pulses with 1.8 mA current. The beam
size in scanner position is 6.2 mm in the direction of scan
(horizontal) and 1.3 mm in vertical. The scanner uses 25 um
molybdenum wire stretched on a C-shaped fork with a pre-
stress of approximately 400 MPa. The scan speed is 6 cm/s.

The scanner was installed in 2022 and the wire broke in
the during the commissioning at scan number 52. Figure 1
shows an electron microscope image of the broken end with
signs of plastic deformation. The stress imposed on the
wire exceeded its ultimate strength, causing necking at the
weakest point. The thinned zone is about 10 um long, much
shorter than the beam size.

The beam profile observed during one of the scans is pre-
sented in Fig. 2. It shows a clear contribution of thermionic
emission on top of the secondary electron current. A simu-
lation of both currents, using pyTT code [5], is overlapped
with data. The simulation slightly underestimates the sec-
ondary emission current, which could be partly due to the
fact that it assumes a Gaussian beam, while in the observed
profile the tails are cut. Another discrepancy is the 50 ms
delay of the thermionic emission observed in the data and
not in the simulation. The dotted line represents the sim-
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Figure 2: Observation of beam profile during a scan number
45, with the thermionic emission bump.
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Figure 3: The flow stress as a function of temperature.

ulated maximum temperature profile. The duration of the
thermal pulse is about a second.

The ductile damage observed in Fig. 1 means that the wire
was in conditions in which the prestress repeteadly exceeded
the flow stress (Yy), i.e. the value of stress necessary to keep
the material flow. Zerilli-Armstrong model [6] is used to
parameterise flow stress as a function of temperature, strain,
and strain rate. The parameters of this model for molybde-
num can be found in [7]. Figure 3 shows the evolution of
flow stress as a function of temperature for various strain
rates. The green curve corresponds to the approximate dura-
tion of the heat pulse during the scan. In all cases, the values
of Yy decrease very quickly with temperature, reaching an
asymptotic value of approximately 350 MPa. It crosses the
applied prestress value (red line) already at about 700 K.
This explains the plastic deformation seen in Fig. 1. The
repeated exposition to those conditions leads to continued
deformation, exceeding the ultimate strength, necking, and
breakage.

Figure 4 presents the evolution of the thermionic emission
current during the series of scans with a beam intensity of
1.8 mA. Earlier scans can be neglected, because they were
done without the beam. Despite constant beam conditions,
the thermionic current increases from negligible at the be-
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Figure 4: Thermionic current excess during series of scans
performed on Aug. 2, 2022.

Figure 5: Electron microscope images of molybdenum wire
away (upper picture), and close to the beam (bottom picture).

ginning to about 1.5 times the secondary current at the end.
The reason for this must be structural changes to the wire
as a result of thermal cycling and repeated exceeding of the
flow stress.

Comparison of electron microscope images taken along
the wire, seen in Fig. 5, reveal surface cracks created in the
zone affected by the beam, but before the breakage point.
These cracks can potentially affect two properties of the wire:
emissivity and work function.

The impact of plastic deformation on work function was
discussed, for example, in Ref. [8], where a decrease of
approximately 0.2 eV was found in plastically deformed alu-
minum and copper, however, no literature on the behavior of
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work function under thermal stress was found. The red curve
in Fig. 4 shows the decrease in the work function required to
explain the observed thermionic emission, suggesting that a
decrease of emissivity could also play a role.

Countermeasures

The remedies to wire breakage are: reduction of prestress,
usage of different wire material (e.g. carbon fiber will with-
stand the beam intensity and the prestress), and the scan
speed increase.

The solution currently applied is the installation of a thin-
ner wire, which will lead to lower scan temperatures. A
wire with a diameter of 13 um was successfully used to scan
the beam. However, the calculations show that it will suffer
from the same breakage but after a higher number of scans.

OTHER DAMAGE MECHANISMS

Material melting was observed, for example, in the case
of LEP beryllium wires [9], where the wires were heated
due to coupling to the beam RF field. Electrical discharges
between the tungsten wires and a support stud were found
to be responsible for the damage observed on the SLAC
scanners [10].

In vacuum, the vapor pressure of the materials is very low,
leading to high sublimation rates. The case of carbon fiber
was studied in a series of measurements at CERN [11]. Due
to the stabilizing effect of the thermionic emission on temper-
ature, it is possible to gradually sublimate the wire material.
Extreme sublimation, down to 4 um (more than 90% of wire
material), has been reported [3]. The decrease in diame-
ter leads to smaller heating and higher cooling mechanism
performance, which makes carbon fiber a particularly good
target. The sublimation process is relatively well understood
and good agreement has been reported between predictions
and measurements [12]. A new damage mechanism that
leads to "blowing" of carbon nanotube wires was recently
observed [2]. The reason was tracked to the presence of iron
impurities in the wire structure.

CONCLUSIONS

The mechanism of wire breakage used in the instrumen-
tation of high-power hadron accelerators is presented. A
detailed analysis of the ductile breakage of the metallic wire
shows how too high prestress affects its lifetime. Cracking
in the wire surface due to plastic deformation is documented.
An attempt to explain the sudden increase in thermionic emis-
sion by a decrease of the work function due to the plastic
strain of the wire is plausable, but additional measurements
are needed to prove it.

ACKNOWLEDGEMENTS

Author would like to thank E. Miiller for performing elec-
tron microscope analysis, Y. Dai and R. Martine for discus-
sion about properties of materials under stress, M. Boucard
for assistance with the simulations, S. Lindner and M. Rohrer
for prestress measurement and calculation.

THPL: Thursday Poster Session: THPL

mc6-t03-beam-diagnostics-and-instrumentation: MC6.T03: Beam Diagnostics and Instrumentation




14th International Particle Accelerator Conference,Venezia

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: https://doi.org/10.18429/JACoW-IPAC-23-THPL151

3102

mc6-t03-beam-diagnostics-and-instrumentation: MC6.T03: Beam Diagnostics and Instrumentation

THPL151

THPL: Thursday Poster Session: THPL

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


ISBN: 978-3-95450-231-8

(1]

(2]

(3]

(4]

(5]

14th International Particle Accelerator Conference,Venezia

REFERENCES

H. Sugime et al., “Ultra-long carbon nanotube forest via
in situ supplements of iron and aluminum vapor sources”,
Carbon, vol. 172, pp. 772-780, 2021.
doi:10.1016/j.carbon.2020.10.066

A. Mariet, “Study of the Effects of Copper-Coating and Pro-
ton Irradiation at 440 GeV on the Mechanical Properties of
Carbin Nanotube Wires for Particle Beam Instrumentation
at CERN”, Ph.D. thesis, Université de Franché-Comte, Be-
sancon, France, 2023.

M. Sapinski, “Beam Interaction with Thin Materials:Heat
Deposition, Cooling Phenomena and Damage Limits”, in
Proc. BIW’12, Newport News, VA, USA, Apr. 2012, paper
WECPO04, pp. 245-249.

R. Dolling, F. Marcellini, and M. Sapinski, “Test of a Proto-
type for Modular Profile and Position Monitors in the Shield-
ing of the 590 MeV Beam Line at HIPA”, in Proc. IBIC 22,
Krakéw, Poland, Sep. 2022, pp. 92-95.
doi:10.18429/JACoW-IBIC2022-MOP24

A. Navarro, “Understanding Secondary Emission Processes
and Beam Matter interactions for Optimization of Diagnostic
Wire Grid System in Particle Accelerators”, Ph.D. thesis,
Universitat Politecnica de Catalunya, Barcelona, Spain, 2023

THPL: Thursday Poster Session: THPL

mc6-t03-beam-diagnostics-and-instrumentation: MC6.T03: Beam Diagnostics and Instrumentation

ISSN: 2673-5490

(6]

(7]

(8]

9]

[10]

(1]

[12]

JACoW Publishing
doi: https://doi.org/10.18429/JACoOW-IPAC-23-THPL151

R. W. Armstrong and F. J. Zerilli, “Dislocation Mchanics
Based Analysis of Material Dynamics Behavior”, J. Phys.
Collogues, vol. 49, pp. 529-534, 1988.
doi:10.16051/jphyscol:1988374

M. Scapin et al., “Experimental investigation of the behaviour
of tungsten and molybdenum alloys at high strain-rate and
temperature”, EPJ Web of Conf., vol. 94, p. 01021, 2015.
doi:10.1051/epjconf/20159401021

W. LiandD. Y. Li, “Effects of elastic and plastic deformations
on the electron work function of metals during bending tests”,
Philos. Mag., vol. 84, pp. 3717-3727, 2004.
doi:10.1080/14786430412331305294

B. Bouchet et al., “Wire Scanners at LEP”, in Proc. PAC’91,
San Francisco, CA, USA, May 1991, pp. 1186-1189.

C. Field et al., “Wire breakage in SLC wire profile monitors”,
AIP Conf. Proc., vol. 451, p. 440, 1998.
doi:10.1063/1.57029

M. Sapinski et al., “LHC Magnet Quench Test with Beam
Loss Generated by Wire Scan”, in Proc. IPAC’11, San Sebas-
tian, Spain, Sep. 2011, paper WEPC173, pp. 2391-2393.
M. Sapinski, B. Dehning, A. Guerrero, J. Koopman, and E.
Métral, “Carbon Fibre Damage in Accelerator Beam”, in Proc.
DIPAC’09, Basel, Switzerland, May 2009, paper TUPDA40,
pp. 390-392.

THPL151
3103

[&=ez Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




14th International Particle Accelerator Conference,Venezia

JACoW Publishing

ISBN: 978-3-95450-231-8

ISSN: 2673-5490

doi: https://doi.org/10.18429/JACoW-IPAC-23-THPL151

mc6-t03-beam-diagnostics-and-instrumentation: MC6.T03: Beam Diagnostics and Instrumentation

3103

THPL: Thursday Poster Session: THPL

THPL151

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


