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Abstract

Thin objects in the form of wires, foils, or strips are often
used as targets in various instruments that measure beam
parameters, or for other purposes. They usually cause only
small beam perturbations and suffer from relatively low tem-
perature increases. The beam induces the emission of sec-
ondary electrons, which are typically the source of the mea-
sured signal. In high-brightness beams, the targets can reach
high temperatures, leading to thermionic current emission.
In addition, a certain number of delta electrons are emitted,
which affects the emitted current as well as beam heating.
These three types of electrons have different properties and
influence the measured signal and the temperature evolu-
tion of the target. This paper discusses how the signal is
generated by the escaping electrons, how the bunch field
affects this signal, and how the target temperature depends
on electron emission.

INTRODUCTION

Thin targets, in the form of micrometer-sized wires, strips,
or foils, are widely used in particle accelerators, particularly
in beam instrumentation. Their small thickness reduces the
disturbance to the beam and damage to the targets them-
selves. Electron emission from these targets is often used as
a signal to probe the beam distribution. There are multiple
mechanisms of electron emission from the body exposed
to radiation. The properties of these various electron emis-
sion processes are important for the correct interpretation
of measurements obtained using beam instruments.

In this study, we discuss three types of electron emissions
that are important for proton beam profile measurements
using wire scanners and SEM-grids. They contribute to
the electric current flowing to the wire, which is the signal
used to measure beam parameters. They interact with the
bunch fields and affect the thermal behavior of the targets.
The three types of electron emission are delta, low-energy
secondary, and thermionic. Other types of emissions, such
as photoemission or emission of Auger electrons, are not
relevant for this discussion.

Motivation

This study is particularly important for beam instruments
that employ thin targets and measure the current generated by
the beam interacting with these targets. Typically, these de-
vices are SEM-grids or wire scanners that rely on the readout
of electric current, which is used for low-energy beams that
do not produce enough of a particle shower to be efficiently
measured outside of the vacuum chamber. The phenomena
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discussed here are especially relevant for high-brightness
beams, where the power deposited on the target is so high
that it reaches temperatures at which thermionic emission
becomes significant and affects the measured signal.

That being said, some of the results or discussions pre-
sented here are also partly applicable to other beam condi-
tions and types of beams.

Study Cases

The mechanisms of secondary and delta electron genera-
tion have been studied for four specific cases of proton beams
at the following energies:

e 72MeV, as in case of beam extracted from PSI’s Injec-

tor 2 cyclotron.

* 590 MeV, as in case of beam extracted from PSI’s Main
Ring cyclotron [1].

* 3GeV, as in case of J-PARC Main Ring synchrotron
at injection [2]; while this scanner uses 7 um carbon
fiber, for ease of comparison, calculations are done for
33 um fibers.

* 450 GeV, as in case of CERN SPS flat top [3].

Due to the high brightness of the beams under consid-
eration, the primary target material studied is carbon fiber
(CF) !, which is considered the gold standard for handling
extremely challenging beam conditions (high brightness).
However, additional calculations have been performed for
molybdenum, which offers a good compromise between
material density and high melting temperature, as well as
tungsten, which has the highest melting temperature of all
metals.

THIN TARGETS

The targets are considered thin when their thickness
ranges from a few micrometers to approximately 100 um.
Typically, the targets take the shape of wires with a round
cross-section or foils. In this study, we focus on thin wires
with a diameter of 33 um, which is smaller than average hu-
man hair (75 um). Even thinner targets exist, such as foils
with sub-micrometer thickness (down to 25 nm). They are
used in accelerators for stripping electrons out of H™ ions in
charge-exchange injection or extraction processes.

In case of such ultra-thin targets, the number of particle
interactions with material electrons is so low (a few), that the
energy straggling function exhibits a unique shape with mul-
tiple peaks at low energy and a long high-energy tail [4]. For
micrometer-size targets a Landau distribution of straggling
is an accurate approximation.

! The density of the carbon fibre used in the simulations is 2 g/cm?, however
the values found in the literature vary between 1.7 and 2.1 g/cm?.
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Another characteristics of thin targets is that the energy
deposited by the impacting particles is strongly reduced by
electrons escaping the target and therefore removing part of
the ionisation energy.

DELTA ELECTRONS

When a charged particle collides with an electron in a
medium, the energy transfer can be large enough to produce
a high-energy electron. These electrons often have sufficient
energy to cause further ionization in the material, potentially
even ejecting tertiary electrons. They are known as “delta-
rays”, the term which was first used by J.J. Thomson, who
discovered the electron.

The maximum energy transfer to the electron, in case
of binary collision with a zero impact parameter, is calcu-
lated from the principles of conservation of momentum and
kinetic energy:

. 2myc2 B2y W
max — 2ym, €12
L+ =572+ (37)

where and are relativistic parameters of the incident par-
ticle and M is its mass. For small impact parameters, the
electron is emitted in the direction of the projectile. How-
ever, such cases are rare and most electrons are ejected
from the target at large angles with respect to the beam
direction, carrying energies lower than T},,,. Additionally,
electrons scatter within the material, complicating the es-
timation of their properties. Therefore, it is recommended
to use a particle transport code to determine their spec-
trum and angular distribution. The results presented in this
study were obtained using Geant4 version 11.2 [5] with the
G4EMStandardPhysics_option4 physics list.

Table 1 shows results obtained from Eq. (1) and the Geant4
simulation. For example, in the case of 590 MeV protons, the
energy of produced electrons can reach up to 1.69 MeV, but
the average energy is only 92 keV. The range of 92 keV elec-
trons in graphite is approximately 100 um, allowing them to
escape from the target. However, only about 2 out of 100
protons crossing the target generate delta electrons.

The spectrum of electrons for various proton beam en-
ergies obtained with Geant4 is shown in Fig. 1. It follows
E? relation with corrections for energies near T,y [6,7].
For very low energies, below about 100 eV, the spectrum
shows structures related to atomic shells. However, this low
energy part of the spectrum is strongly suppressed during

Table 1: Maximum and Average Energy of Delta Electrons
For 33 pm Carbon Fibre

proton energy T, emm.prob E,,
72 MeV 160 keV 7.34 % 3keV
590 MeV 1.69MeV  1.93%  92keV
3GeV 17 MeV 1.34%  150keV
450 GeV 155 GeV 1.29%  297keV
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Figure 1: Spectra of delta electrons for various beam en-
ergies. The T,,,, is visible at 1.7 MeV for 590 MeV and
17 MeV for 3 GeV beams.

the transport in the material and is negligible in comparison
to low energy secondary electrons.

The probability of electron emission increases with the
density of the material. For instance, for 590 MeV beam,
a molybdenum wire generates 70 % more electrons while
tungsten wire generates almost twice more. At high energies,
this increase becomes even more pronounced.

The emission probability also depends on the thickness
of the target. The number of electron increases rapidly with
wire diameter but, as thicker targets also stop more electrons,
the increase slows down. This kind of “saturation” effect
can be observed in Fig. 2. It is especially strong for dense
targets.

However, when the target thickness reach the radiation
length of the material, which for the tungsten is only 3.5 mm,
a sharp increase in electron yield is observed for high energy
beams. This effect is due to the onset of an electromagnetic
shower, not the ionization process. Therefore, these elec-
trons are no longer delta electrons, they originate from pair
production process.

High-Energy Electron From Other Processes

Plotting the dependence of electron energy (E s) and emis-
sion angle (®) for various Geant4 particle production pro-
cesses, as shown in Fig. 3, provides an interesting insight. In
this figure, prepared for 450 GeV beam, the blue points repre-
sent the real delta electrons, which originate from beam pro-
tons (with negligible contribution from secondary hadrons)
interacting with material electrons (hloni process). Their
dependence of angle versus energy follows curve, which
is characteristic for binary encounter: Eg = T, c0s> ©.
This reflects the fact that when the impact parameter is close
to zero, the energy transfer is large and the recoil angle is
small. Therefore, only the most energetic delta electrons are
emitted in the beam direction.

The large, dominant “band” of low energy electrons
(1-100keV in Fig. 3) emitted in all directions can be in-
terpreted as delta electrons that undergo multiple scattering
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Figure 2: Delta electron emission probability per impacting
proton as a function of target thickness for carbon and tung-
sten wires.
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Figure 3: Plot of emission angle versus electron energy for all
electrons leaving the target registered in Geant4 simulation.

events, tertiary electrons produced by delta electrons (eloni
process) and electrons produced by atomic recoils (ionloni
process). The actual angular distribution is broad, with a
peak at about 70°, as shown in Fig. 4.

Apart of ionisation, electrons are produced in other two
processes: pair creation and a decay of other particles. As
stated in previous section, pair production marks the onset
of electromagnetic cascade, which is not strongly developed
in thin carbon fiber. The decay of other particles produces
a very small number of electrons, however these electrons
have high energies and are produced in forward direction.
Averaging energy of these electrons over all protons travers-
ing the target gives a remarkable value of 23.6 keV. These
electrons do not contribute to the correction of the energy
deposit in the target, which is discussed in the next section.

Correction to Energy Deposit

The Bethe-Bloch formula describes the energy loss of
a charged particles to the electrons in the medium. This
formula gives an estimation to energy deposit, if all the
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Figure 4: Angular distribution of electrons emitted from
33 um carbon fiber for various impacting beam energies.
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Figure 5: Delta-electron correction coeflicient (see text).

energy loss is confined within the target. However, the high-
energy delta electrons carry away a significant amount of
this energy. This fact has been investigated already in [8],
where an simplified calculation was used to estimate that “up
to 70 % of the incident proton energy loss can be accounted
for in this way”.

The amount of energy carried away by the electrons de-
pends on the beam energy, the target thickness and the mate-
rial. The ratio of real beam energy deposit in the target per
proton (Ege,) to the expected value from Bethe-Bloch for-
mula defines the “8-electron correction coeflicient”. Geant4
simulations have been performed to investigate the value
of this coeflicient for various wire thicknesses and various
beam energies. Figure 5 shows the results of these simula-
tions. Indeed, at high protons energies up to 50 % of the
ionisation energy leaves the target, while at low energies this
effect is very small.

LOW ENERGY SECONDARY ELECTRONS

When the collisions of the projectile with material elec-
trons become peripheral, more electrons are involved. At
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large impact parameters this process, this process is more
accurately described as an interaction with a plasma of elec-
trons rather than binary collisions. The number of excited
electrons is much larger than in case of binary collisions, but
their energy is very low, below 100 eV. Therefore, only elec-
trons created close to the surface of the target have a chance
to escape. The probability of their creation is described by
the modified Sternglass model [9].

It should be stressed that logically, all electrons emitted in
proton interaction with material are “secondary” (protons are
primary particles). However, due to historical reasons, the
name “secondary electrons” is usually reserved only for the
low-energy electrons produced at the surface and described
by the Sternglass model. Here, we will use expression “low
energy secondary electrons” to refer to these electrons.

Geant4 tracks delta electrons down to energies of 100 eV,
and the complexity of the physics of very low energies is not
within its scope of applications. Here, it is assumed that the
Sternglass model fills the gap for electron energies between
0 and 100 eV. However, the choice of the borderline energy
is somewhat arbitrary and may lead to errors in calculated
yields. It is believed that these errors are small.

Sternglass Model

In the Sternglass model, low energy secondary electron
creation is a three-step process: ionisation, transport and es-
cape from the solid through the surface barrier. The number
of ionizations is proportional to the projectile energy loss,
i.e. dE/dx. The diffusion is driven by inelastic scatterings, in
which electrons loose their energy. The typical distance be-
tween inelastic collisions is expressed by Eq. (2), and ranges
from 0.93 nm for tungsten to 1.4 nm for carbon.

Lg = (3.68-10-17N,21/3) " )

Finally, the electrons must overcome the surface barrier,
losing a part of their energy. The total number of secondary
electrons per proton or ion crossing the surface is expressed
by Eq. (3). One can see that the SEY depends on the particle
energy similarly to Bethe-Bloch.

SEY = 0.01Lg %

|
1 3
e,[ T 1+54-10°E/4, 3

The SEY for different beam energies and materials is
calculated in Table 2.

Table 2: Secondary Emission Yield (SEY) Assuming That
the Protons Cross Two Surfaces (Go Through the Target)

proton energy Carbon Mo  Tungsten
72 MeV 4.06% 14.87% 21.69 %
590 MeV 1.14% 4.19%  6.11%
3GeV 093% 342%  4.99%
450 GeV 1.66% 6.06%  8.84 %
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The real yield depends not only on the material but also on
the quality of the surface and surface treatment. For instance,
long exposure to radiation often decreases SEY. This type of
surface conditioning is sometimes called “scrubbing” [10].

Spectrum

In his original article, Sternglass observes that the spec-
trum of secondary electrons has the same form for all metals
and drops sharply for energies above 10—15eV. However,
measurements (see e.g. [11]), often show spectral differences
between various materials or even surfaces. These differ-
ences do not affect the second observation that the peak of
the spectrum is below 5eV and most secondary electrons
have energies below 20 eV. This means that, in contrast to
delta electrons, low energy secondary electrons carry away
a negligible amount of thermal energy from the target.

Delta and Secondary Electron Yields

Comparing the delta electron emission probability from
Table 1 with SEY values from Table 2 one can see that
these values are not very different. Table 3 summarizes the
contribution of low energy secondary electrons to the total
signal registered from various target materials.

As seen from this table, low energy secondary electrons
do not dominate the total signal. Especially for low density
targets and low beam energy, their contribution is less than
half. This is an important fact for targets operated with bias
voltage, as a method to circumvent the thermionic emission.

Experimental Evidence

In order to verify whether the electrons emitted from the
wire have low or high energies, it is useful to observe the
change of the signal amplitude as a function of the bias volt-
age. A positive bias voltage of a few volts should attract
low energy secondary electrons back to the wire, effectively
reducing the observed signal. Such an experiment has been
performed using Keithley 4200 source meter and for wire
position fixed in one location inside the beam. The results,
shown in Fig. 6, indeed show a strong reduction of the sig-
nal with the bias voltage, although the decrease appears
to require stronger bias potentials than expected from the
properties of secondary electron spectra.

THERMIONIC ELECTRONS

Emission of electric current from hot metals in vacuum
was first observed in 1853 by the French physicist Edmond

Table 3: Secondary Emission Yield (SEY) Contribution to
the Total Electric Current Emitted From 33 pm Wires

proton energy Carbon Mo Tungsten

72 MeV 36% 62%  71%
590 MeV 37% 56%  62%

3GeV 41% 57% 64 %
450 GeV 57% 72%  76%
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Figure 6: Measurements of the wire signal with changing
bias voltage and for various beam intensities. Courtesy of
J. Touguet.
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Figure 7: Example of thermionic emission observed in PSI
Main Ring Long Radial Probe [13]

Becquerel. In 1911, Owen Richardson published a theory of
thermionic emission [12], in which the thermionic current
density is described by Eq. (4), where A is Richardson-
Dushmann constant and ¢ is material work function.

i
Jy = AgT?e*s™ %)

An example of thermionic emission can be seen in Fig. 7,
which shows a partial profile of the orbits measured in the
PSI Main Ring cyclotron. Two measurements are shown,
at beam current of 417 yA and 1.5mA. Arrows point at
orbits in which a combination of beam energy and transverse
beam dimensions lead to excessive heating and thermionic
emission. In the case of the orbit at radius of about 2350 mm
the amplitude of the thermionic current is several times
higher than the normal signal.

Spectrum

The shape of the thermionic electron spectrum is ex-
pressed by Eq. (5).
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Figure 8: Examples of thermionic electron spectra for vari-
ous temperatures of carbon (& = 4.8 eV) target.
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The resulting curves are shown, for various temperatures,
in Fig. 8. Even in the case of extremely hot wires, the peak of
the kinetic energy of emitted electrons is below 1 eV, so they
have energies even lower than secondary emission electrons.

Remnant Thermionic Current

Thermionic current distorts the measurement of the beam
profile. The usual way of dealing with this distortion is
the application of a positive bias voltage, which acts on
thermionic electrons but allows the secondary electrons to
be released. However, as noted already in [14]: “It is remark-
able that the positive bias of the wire catches thermionically
emitted electrons much better than secondary electrons from
the wire, although both are mostly slow. This is probably
due to the fact that all the secondary electrons created by
the bunch are born in the bunch potential which pulls them
away, while most of time (i.e. between the bunches) the bias
potential retards the termionically emitted electrons.”

As shown in Table 3, the effect of the bias potential not
affecting the detector signal can be partly explained by the
significant contribution of high-energy delta electrons to this
signal. However delta electrons cannot explain this effect
completely. Figure 6 clearly shows the impact of the beam
intensity and, therefore, the bunch potential. Additionally,
it has been reported in [15] that, despite the increase in the
bias voltage, some thermionic current remains visible in the
signal, as shown in Fig. 9. This suggests that the bunch field
is being able to carry away low energy electrons.

Thermionic Cooling Effect

The removal of the highest-energy thermal electrons from
the material is analogous to the phenomena of boiling liquid
and has similarly strong cooling effect. This effect, discussed
in [16], is the dominant cooling mechanism for carbon at
temperatures above 3200 K. Below that temperature, ra-
diative cooling, which is proportional to fourth power of
temperature, dominates. A simplified formula describing
the wire temperature evolution is shown in Eq. (6), where d
is the wire diameter, p is the density and c,, is the specific
heat of the wire material.
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Figure 9: Illustration of remnant thermionic emission, Figure
from [15].

Figure 10: Electron microscope image of partly-sublimated
wire from LHC scanner (from [16]).

ST _ Nyie() . 405p€ 4 4y o, 2kgT 40 (T)
5t = (1) C9p” gpe, T T e
(6)

However, at temperature of 3200 K, the carbon vapour
pressure is high enough to observe a significant sublimation
rate. Figure 10 shows partial sublimation of the wire repeat-
edly exposed to the high-brightness LHC beam. It is worth
noticing that sublimation acts as a negative feedback mecha-
nism: a thinner wire has a larger surface-to-volume ratio, so
the cooling power, which is proportional to the surface area
of the wire, decreases much slower than the heating power,
which is proportional to the volume. In this case, gentle
sublimation leads to thinning of the wire, which leads to a
decrease in the wire temperature during subsequent scans
and a decrease in the sublimation rate. This wire never broke
in the machine and was successfully used to measure the
beams size.

Space-Charge Limit

The thermionic emission current can easily be much
stronger than low energy secondary or delta electron cur-
rents. Because of the small emitting surface, the question of
current density and the impact of the electron space charge
on the signal should be investigated.

Figure 11, originally from [13], shows a beam profile
measured by RRL featuring a large thermionic emission
contribution. Attempts to simulate the current evolution
using PyTT [17] code, with various parametrisations of
work function as a function of temperature and varying other
parameters, were not successful.

The question arises whether the electron current emit-
ted from the wire is strong enough to affect the electric
field around the wire. The current density corresponding to
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Figure 11: Measurement of the beam profile of high-
brightness orbit using RRL. Courtesy of M. Boucard [15].

the signal shown in Fig. 11 is between 50 and 100 A/m? at
the wire surface. On the other hand, the Child-Langmuir
law [18] describing the space-charge limit to the current emit-
ted from a flat cathode gives about 300 A/ m?2. Given the
uncertainties, those numbers are not very different. There-
fore, a study of the thermionic electron cloud space charge
effect on the wire signal is ongoing.

INTERACTION WITH BUNCH FIELD

The interaction of low energy electrons from residual gas
ionisation with the beam field has been studied in [19-21].
It shows that high-brightness relativistic bunches are able
to “trap” electrons from residual gas ionization inside the
bunch field for the duration of the bunch passage and give
them a significant momentum “kick”.

The energies of low energy secondary and thermionic
electrons are below 100 eV, similarly to electrons from gas
ionization. The main difference is the presence of the field
from the wire, whether biased or not. Additionally, the
studies mentioned before regarded ultra-relativistic beams
where longitudinal electric field could be neglected. This
is not a case for PSI beams with energies between 72 and
590 MeV.

The study of this effect is being carried out using the
Virtual-IPM [22] and CST studio [23] programs. Prelimi-
nary results show that indeed some of the electrons can get
additional kick from the beam field and drift away from the
wire despite of the bias voltage. A separate publication of
this study is planned.

SUMMARY AND CONCLUSIONS

This study outlines some interesting facts concerning the
beam diagnostic devices that employ secondary emission
electrons to measure high-brightness beams, namely:

¢ Delta electrons with energies in keV-range give a sig-

nificant contribution to the signal, especially for low-
density targets like carbon fibre.

» Experiments show that the beam field affects the mea-

sured electron current.

¢ Preliminary results show that the beam field could be

at least partly responsible for the part of the thermionic
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Table 4: Properties of Electrons Emitted in Various Pro-
cesses

electrons delta  secondary thermionic
energy > 100eV < 100eV < 10eV
max currrent 1 A 1 pA 10 A
prop to beam yes yes no
affected by bias no yes yes
cooling effect yes no yes

current that is not removed from the signal by the bias
voltage.

* Delta-electrons carry away a large portion of the ion-
ization energy that would otherwise be left in the target
by the impacting protons.

» Thermionic current is a very efficient cooling mecha-
nism; unfortunately its highest efficiency overlaps with
temperatures at which the carbon sublimation rate is
substantial.

» Large thermionic current maybe limited by the space
charge of thermionic electrons.

The properties of the three considered electron types are

outlined in Table 4.

This publication does not exhaust the subject. Many of
presented ideas need simulations or detailed calculations
to be confirmed or even ruled out. Ultimately, the planned
study should propose a solution to the issue of the remaining
thermionic emission, which is actually a problem of some
wire scanners working on high-brightness beams.
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