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Abstract

Accurate measurement of flux rate is essential in heavy-
ion single event effects tests, but it presents significant
challenges for monitoring low energy (5~10 MeV/u) and
low intensity (less than 1E6 /s) heavy-ion beams. In this
paper, we propose a novel detector that enables real-time
monitoring of flux rate by simultaneously measuring the
beam intensity and profile using secondary electrons on
both the front and back surfaces of thin foils. The confine-
ment of secondary electrons through electric and magnetic
fields is achieved, with CST simulation has been utilized
to validate the method. This approach offers several ad-
vantages over conventional methods, including high space
and time resolution, reduced mass thickness, and multi-pa-
rameter measurement capability.

INTRODUCTION

Single event effects (SEE) of integrated circuits are one
of the main threats faced by spacecrafts, and heavy-ion ac-
celerators are commonly used for SEE studies on Earth. As
per the European guidelines for SEE tests [1], it is recom-
mended that the heavy-ion flux rate be less than
1ES5 /(cm?'s), which corresponds to a maximum beam in-
tensity of several hundred femtoamperes. Limited by the
scale of general accelerators, the energy of heavy ions with
higher Linear Energy Transfer (LET) values can typically
only reach several MeV/u. Irradiation tests of Device Un-
der Tests (DUTs) with heavy-ion beams are generally con-
ducted in a vacuum environment.

In irradiation experiments, the parameters of greatest
concern to users are the flux rate and its uniformity at the
irradiation terminal. Therefore, real-time, direct measure-
ment of these key parameters during the irradiation process
is essential. However, online monitoring of low-energy
heavy-ion beams presents considerable challenges, and
commonly used detectors such as parallel ionization cham-
bers, semiconductors, and scintillators are no longer suita-
ble for use as non-destructive beam monitors [2].

Measuring the secondary electrons (SEs) produced by
heavy ions penetration through thin foils on their surfaces
is a potential solution. Due to the fact that the thickness of
the thin foil is significantly smaller than the range of ions,
it can serve as a non-interceptive beam monitor, named
secondary emission for low-interception monitoring
(SLIM). Additionally, employing Microchannel Plates
(MCPs) to multiply the SEs enables measurement of low-
intensity beams. Previous research on SLIM has primarily
focused on utilizing single-sided SEs for profiling, beam
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intensity measurements, or timing analysis. This type of
detector demonstrates excellent time resolution and space
resolution [3-8].

PHYSICAL DESIGN

This paper introduces a novel SLIM structure that uti-
lizes SEs emitted from front and back surfaces of the thin
foil to simultaneously measure beam intensity and profile
distribution, enabling online monitoring of dose rate.
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Figure 1: Conceptual illustration of the SLIM.

The thin foil is oriented at a 45° angle relative to the
beam axis, with one MCP assembly positioned on each side
of the foil surface (Fig. 1). The electric signal from the an-
ode of the forward MCP1 assembly is utilized to measure
the beam intensity, whereas the light signal from the fluo-
rescent screen of the backward MCP2 assembly is em-
ployed to assess the beam profile. Concurrently, based on
the beam intensity and profile distribution, the dose rate
and uniformity at various positions can be acquired.
H.Rothard have investigated the generation of SEs on both
the front and back surfaces of thin foils [9]. The findings
indicate that a greater number of SEs are produced in the
forward direction compared to the backward direction.
Consequently, the measurement of weak current signals
should be preferentially set in the forward direction.

The confinement of SEs is a key issue due to their initial
emission angle distribution. The traditional SLIM utilizes
a wire mesh near the thin foil surface to create an acceler-
ating electric field, enabling accelerated SEs to quickly
reach the MCP entrance surface and reduce lateral diffu-
sion. However, this structure has a defect in that approxi-
mately 5% to 10% of the particles will be stopped by the
wire due to its comparable diameter with the range of low-
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energy heavy ions. Additionally, the drastic change in elec-
tric field near the wire results in poorer space resolution at
its corresponding position.

Therefore, this article abandons the use of wire mesh and
only applies negative high voltage to the thin foil. By uti-
lizing the potential difference between the thin foil and
MCP entrance surface, the SEs are accelerated. Besides,
permanent magnets are introduced with its polarization
di rection perpendicular to the foil surface, see Fig. 2.

MCP entrance face -
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Figure 2: Diagram of a constrained electron.
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We can decompose the electron velocity v into two
com ponents,
v=v, +v, (1)
where v, is the electron velocity perpendicular to the E-
field direction, and v is parallel to it. According to the
laws of motion, v, will be almost constant, while v, at the
MCP entrance surface is much greater than the initial
value. This is due to the electron energy will increase from
several eV to keV under the influence of E-field. If we ne-
glect the differences between the initial velocities, then the
drift time ¢ is only related to the E-field. Meanwhile, in the
presence of the magnetic field, B, the SEs will move in a
spiral as shown in Fig. 2. It can be derived that when the
relation
qB/t =2mn (n=1,2,3,4,..) 2)
is satisfied, the SEs will make an integer number of turns,
which means the influence of electron transverse motion
on space resolution is essentially eliminated. Conse-
quently, the detector can give an as good as possible image
of the foil through the coupling of electrostatic and mag-
netic fields.

SIMULATION AND RESULTS

Secondary electron emission induced by ions have three
main characteristics. Firstly, the emission angle of SEs ap-
proximately follows a cosine distribution, meaning that the
probability is highest when perpendicular to the emission
surface. Secondly, the average energy of SEs is several eV,
with the vast majority of energy below 50 eV. Thirdly, the
yield is appropriately proportional to the ionization energy
loss at surface. At present, the vast majority of popular
Monte Carlo programs cannot simulate the generation pro-
cess of SEs in this energy range [10]. Therefore, based on
the angle and energy distribution formulas, this paper
adopts the acceptance-rejection sampling method to gener-
ate SEs directly from random numbers. Figure 3 shows the
angle and energy distribution of 10,000 SEs.
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In Fig. 3, the angle distribution satisfies Eq. (3) where 0
is the angle between the SE and the normal of the surface.
p(0) = cosh 3)
And the energy distribution proposed by P. N. Os-
troumov was utilized [5]. The function is expressed by

o _ (E-E¢1)?

p(E) = s exp [~

az _ (E—Ec2)? as _E

+ \/277:022 exp [ 20’22 ] + Eym exp ( EM) (4)

where the parameters used are listed in Fig. 3 (bottom).
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Figure 3: Angle(top) and energy(bottom) distribution by
sampling compared to the probability density function
[Eq. (3) and Eq. (4)].

The Particle Tracking simulation within CST Studio
Suite [11] is employed to execute the trajectory simulation
of electrons in fields. The particle interface files contains
information such as the energy, direction, and initial posi-
tion of SEs. The geometric model includes major compo-
nents such as vacuum chamber, permanent magnets, foil,
MCP assemblies, and support rods, as depicted in Fig. 4.

, 2 ag
Vacuum Chamber Permanent Magnet

Ton Beam MCP Assembly

Figure 4: CST model of the SLIM.

The maximum beam size needed to be measured is
30x30 mm?. Based on the MCP product model, an effective
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diameter of 82 mm is selected for the MCP, and for ease of
assembly, the conductive thin foil also has a same diameter.
While ensuring proper beam passage, efforts are made to
minimize the distance between the MCP assembly and thin
foil in order to enhance electric field uniformity in the cen-
tral region. In this model, a distance of 85 mm is main-
tained. The permanent magnets, which envelop the cylin-
drical region bounded by two MCP assemblies, are placed
on both sides of the beam.

Due to the fact that the beam spot size in the vertical di-
rection is magnified by a factor of v/2 on the foil, the beam
spot area on the foil is approximately 30x42 mm? in simu-
lation model. Based on the symmetry, 16 point sources are
emitted within one-quarter of the beam spot area on the thin
foil, as depicted in Fig. 5. Each point source emits 10,000
SEs that satisfy both angle and energy distributions. At the
same time, an electron area source with the same size as
beam spot is set up on the other side of the thin foil.
Through these settings, we can observe the electron trajec-
tory and imaging distribution. The trajectory plot is shown
in Fig. 6, and the dispersion of the electron point sources
on the MCP entrance surface is depicted in Fig. 7.

$82mm

Figure 5: Schematic diagram of the point sources.

e
il

Figure 6: CST trajectory plot for the point sources and area
source emitted from the front and back surfaces respec-
tively.
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Figure 7: Position distribution on MCP compared to initial
points on foil.

In the simulation, it is observed that the size of the elec-
tron spots in Fig. 7 varies with voltage, indicating that the
space resolution can be adjusted by scanning the foil volt-
age. Besides, we can find that there is a distortion in imag-
ing as the electron spots do not align with the original point
sources, indicating that there is a distortion in the imaging,
which can be corrected by position calibration. It should be
noted that in a uniform magnetic field and electric field
scenario, distortion would not occur; however, this ideal
condition is impractical due to limitations on dimensions
of permanent magnets and foil. Considering practical engi-
neering, a permanent magnet size of 130x270x10 mm?
with a remanence of 1 T has been selected in our model.

In order to quantify time and space resolution, firstly, the
drift time of electrons arriving at the MCP entrance surface
was statistically analysed, as shown in Fig. 8. Figure 9 pre-
sents the mean and standard deviation of the drift time as a
function of voltage V. It can be observed that the mean time
is less than 10 ns, with a standard deviation under 0.3 ns.
Furthermore, both the mean and standard deviation de-
crease with increasing voltage. Considering that the pulse
width of the MCP is approximately 0.5 ns, it can be antici-
pated that the time resolution of this detector will be better
than 1 ns.
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Figure 8: Distribution of the drift time when /=2400 V.
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Figure 9: Mean and deviation of the drift time as a function
of voltage.

Furthermore, two point sources with a spacing of 0.5 mm
are emitted from the thin foil. By adjusting an appropriate
foil voltage, an almost completely separate distribution on
the MCP entrance surface can be achieved (Fig. 10), indi-
cating that the space resolution is better than 0.5 mm, meet-
ing the monitoring requirements of SEE tests adequately.
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Figure 10: 1D distribution of horizontal direction.

CONCLUSIONS

This paper presents a novel approach that utilizes SEs
from the front and back surfaces of a thin foil to simultane-
ously measure beam intensity and profile, thereby enabling
online monitoring of the flux rate. This method offers sev-
eral advantages over traditional monitoring techniques, in-
cluding high resolution, reducedmass thickness, and the ca-
pability for multi-parameter measurements.

Additionally, by employing adjustable electrostatic
fields and constant magnetic fields to constrain SEs, a con-
figuration without an accelerating wire mesh and with lat-
eral rectangular permanent magnets is proposed. The beam
only traverses a thin layer of foil, and space resolution op-
timization can be achieved by adjusting the foil voltage.
Simulation results show that the space resolution is better
than 0.5 mm, while the time resolution is better than 1 ns.

In the future, the manufacturing and testing of the detec-
tor will be completed, providing a high-performance detec-
tor for online monitoring of low-energy and low-intensity
heavy-ion beams.
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