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Abstract: Timing and/or position-sensitive MCP detectors, which detect secondary electrons (SEs)
emitted from a conversion foil during ion passage, are widely utilized in nuclear physics and
nuclear astrophysics experiments. This review covers high-performance timing and/or position-
sensitive MCP detectors that use SE emission for mass measurements of exotic nuclei at nuclear
physics facilities, along with their applications in new measurement schemes. The design, principles,
performance, and applications of these detectors with different arrangements of electromagnetic
fields are summarized. To achieve high precision and accuracy in mass measurements of exotic nuclei
using time-of-flight (TOF) and/or position (imaging) measurement methods, such as high-resolution
beam-line magnetic-rigidity time-of-flight (Bρ-TOF) and in-ring isochronous mass spectrometry (IMS),
foil-MCP detectors with high position and timing resolution have been introduced and simulated.
Beyond TOF mass measurements, these new detector systems are also described for use in heavy
ion beam trajectory monitoring and momentum measurements for both beam-line and in-ring
applications. Additionally, the use of position-sensitive timing foil-MCP detectors for Penning trap
mass spectrometers and multi-reflection time-of-flight (MR-TOF) mass spectrometers is proposed
and discussed to improve efficiency and enhance precision.

Keywords: mass spectrometry; Bρ-TOF; storage ring; Penning trap; MR-TOF; microchannel plates;
detector; timing; position-sensitive

1. Introduction

Mass is a fundamental property of the nucleus, which results from the intricate in-
teraction between the strong, weak, and electromagnetic interactions that all nucleons
experience [1]. Nuclear mass measurements have led to the discovery of new phenom-
ena in nuclear physics, including shell structure, pairing correlations, decay, and reaction
properties. Atomic masses can be used to deduce reaction Q values and separation ener-
gies. The boundaries of nuclear existence, known as the drip lines (Sn = 0 or Sp = 0), are
identified based on the mass differences between neighboring nuclei. The masses of the
involved nuclei also govern the final pathways of nucleosynthesis, such as the r-process
and rp-process in the universe. Due to the importance of masses of nuclei in nuclear
astrophysics and nuclear structure studies, there is a strong interest in fast, high-accuracy,
and high-precision mass measurements for particularly exotic nuclides [2]. This has led to
the development of a variety of techniques for mass measurement worldwide, including
the following: the time-of-flight (TOF) measurements implemented at several facilities
including the SPEG spectrometer at GANIL [3], the TOFI spectrometer/LANL [4], and the
S800 Spectrograph/NSCL [5]; the Penning trap mass spectrometer ISOLTRAP/ISOLDE [6,7],
JYFLTRAP/JYFL [8], SHIPTRAP/GSI [9], TRIGA-TRAP/MAINZ [10], CPT/CARIBU [11],
LEBIT/MSU [12], and SMILETRAP/Stockholm [13]; Schottky mass spectroscopy (SMS) or
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the isochronous mass spectroscopy (IMS) method at the storage rings ESR/GSI [14–16] and
CSRe/IMP [17]; multi-reflection time-of-flight mass spectrometer (MR-TOF MS) at ISOLDE [18],
FRS Ion Catcher [19], and RIKEN [20]. Each advancement in building new mass spec-
trometers, whether through increasing resolving power or sensitivity, or both, has led to
important new insights in physics.

This review article discusses the development of high-resolution timing and/or
position-sensitive detectors that utilize SE emission for ion beam detection in mass mea-
surements. These devices are based on the detection of SEs emitted following ion impact
on a surface. Using a combination of magnetic and electric fields, the devices can achieve
sub-nanosecond time resolution and sub-millimeter position accuracy for ion impacts, even
at incidence rates exceeding 106 ions/s. These advancements are expected to enhance the
resolving power and sensitivity of current mass spectrometers, leading to significant break-
throughs in nuclear physics and nuclear astrophysics. The design, principle, performance,
and application of timing and/or position measurements of all foil-MCP detectors being
used for mass measurements, and other related applications both on the beam line and
inside storage rings, are discussed. The detectors currently employed and novel ideas for
future developments in accelerated ion beam facilities are summarized and envisioned.
A possible new scheme of detector systems for low-energy or stopped ion beam facilities
are proposed.

In recent decades, there has been significant growth in the improvements of detection
sensitivity and the precision of position and timing measurements, with an increasing
focus on the overall performance of detectors. For mass measurements with accelerated ion
beams with energies of a few hundred MeV/nucleon within 1 ms using magnetic-rigidity
time-of-flight (Bρ-TOF) or isochronous mass spectrometry (IMS), the accelerated ion beam
must not strike the Microchannel Plate (MCP) directly when using MCPs as transmission
(beam) detectors. Instead, an electric and/or magnetic field is used to direct the secondary
electrons (SEs) sputtered by the beam particle from an extremely thin conversion foil to
the MCP. For time-of-flight measurements, the ultrafast multiplied electron signal from the
MCP plate serves as the timing signal. The position of the beam particle can be determined
by coupling the MCP to a position-sensitive anode. Foil-MCP detectors, which transport
induced SEs from a thin foil towards an MCP detector with different arrangements of
the electromagnetic field, as shown in Figure 1, are widely utilized in mass measurement
experiments to deduce the timing and/or position information of heavy ions.

Foil-MCP detectors for timing determination (Figure 1e) have long been used in
mass measurement experiments of exotic nuclei at three heavy-ion storage ring facilities:
ESR/GSI [21–23], CSRe/IMP [24–26], and Rare-RI Ring/RIKEN [27–32]. These facilities
have successfully performed precise IMS mass measurements using electrostatic and
magnetic field crossly arranged (E× B) TOF detectors, either inside the ring for turn-by-
turn revolution time measurement or outside for velocity/Bρ correction and revolution
time deduction. In addition, the mirror-type timing foil-MCP detector (Figure 1a) has been
used similarly outside the storage ring as the E×B TOF detector and in-ring for revolution
time deduction at the Rare-RI Ring. Meanwhile, the position-sensitive foil-MCP detector
with parallel electrostatic and magnetic fields (E∥B) used for Bρ-TOF mass measurements
at NSCL/MSU [33] has demonstrated high performance and unique characteristics for
position measurements, allowing for the deduction of the momentum/Bρ of exotic nuclei
at a dispersive focal plane.

The previously described detectors were primarily optimized for timing measure-
ments, sacrificing either timing information (ESR and CSRe) or good position resolution
(NSCL), but with relatively small active detection areas. Recently, foil-MCP detectors
with both high-precision timing and good spatial resolution for mass measurements and
beam monitoring are being developed at existing and new-generation facilities such as
RIBF/RIKEN [30,34–36], GSI-FAIR [37], and IMP-HIAF [38].

Foil-MCP detectors (Figure 1a–e) with position sensitivity play a crucial role not only
in the tuning of the fragment separator but also in the particle identification of radioactive
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ion (RI) beams. They can be utilized to measure the positions and angles (or trajectories) of
RI beams at the focal plane, enabling beam diagnostics and ion-optical tuning. In addition,
position-sensitive detectors can be used for magnetic rigidity (Bρ) determination for the
particle identification (PID) of RI beams, where trajectory reconstruction is employed to
achieve high Bρ resolution and hence excellent PID power. Timing foil-MCP detectors
are also desired for achieving the high-resolution PID of RI beams based on the magnetic-
rigidity energy-loss time-of-flight (Bρ-∆E-TOF) method. Based on the IMS technique,
such as ESR/GSI [21,22], CSRe/IMP [24,25], and Rare-RI Ring/RIKEN [27–29], mass
measurements could be performed with low energy loss of heavy RI beams based on the
detectors. TOF measurements at two achromatic foci of the high-resolution beam line,
along with additional Bρ measurements for TOF corrections, could help facilitate mass
measurements via the well-developed Bρ-TOF method. It is also possible to combine
Bρ-TOF mass measurements with the IMS mass measurements in a single experimental
run, in which the in-ring revolution time is measured simultaneously with beam-line TOF
and the Bρ of each RI [35,38]. This method was first realized at RIBF/RIKEN [35,38] and
later proposed at IMP-HAIF [38].

To measure the most exotic areas of the chart of nuclides and to make effective use of
precious beam time for efficient mass measurements, several types of foil-MCP detectors
have been designed with the following characteristics: (a) very good timing resolution
(<100 ps), (b) high position sensitivity and sub-millimeter resolution, low energy loss and
small angular scattering of the heavy ions due to the use of a thin foil, (d) a large active
area to cover a large beam size, (e) and high detection efficiency. High-resolution TOF is
crucial for mass measurements via TOF methods, such as IMS in a storage ring or Bϱ-TOF
with the beam line. The TOF information can also be used for velocity/Bϱ measurement
for mass correction. High-resolution TOF measurements will also benefit high-resolution
particle identification.

A precise position-sensitive Beam Profile Monitor (BPM) for each passing ion is crucial
for measuring the momentum dispersion of radioactive ions (RIs). On the beam line, this
BPM, combined with the high-precision TOF measurements and together with energy loss
information in ∆E detectors like ionization chambers, enables the TOF − Bρ − ∆E method.
This method allows for the deduction of the mass-to-charge ratio (A/q) and the proton
number (Z) can be deduced, facilitating effective particle identification (PID) of the RIs
due to the high performance of the detector. The accurate Bρ information of each ion can
be used for mass correction in IMS (in ring or on the beam line) and directly utilized in
Bϱ-TOF mass measurements.

For high precision and accuracy in mass measurements, the ideal case is a non-
destructive detector. The energy loss and angular scattering should be minimized, which
means using thinner foils with acceptable efficiency. A large active area to cover a large
beam size is desired if the detector is located at a dispersive focus plane on the beam line.
In consideration of the large dispersion and additional Betatron oscillation in a storage ring,
a large active area is necessary for use in the ring. For efficient measurement, the detection
efficiency should be as high as possible. The electromagnetic field added to the MCP detec-
tor should cause minimal disturbance to the isochronous ion-optics, and a correction of
the in-ring electromagnetic field will be needed for multi-turn circulation of fully stripped
heavy ions. Several types of detectors equipped with high-performance MCPs, which
detect SEs induced by particles at a certain angle towards an MCP detector, can reconstruct
the timing or position information of heavy ions. These detectors can satisfy the mentioned
conditions above and serve as versatile instruments for mass measurements and beam
diagnostics of exotic nuclei.
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Figure 1. Schematic overview of the foil-MCP detectors: (a) Mirror-type electrostatic foil-MCP
detector. (b) Direct projection electrostatic foil-MCP detector. (c) Electrostatic-lens foil-MCP detector.
(d) Magnetic field and electrostatic field parallelly arranged foil-MCP detector. (e) Magnetic field and
electrostatic field crossly arranged foil-MCP detector. The trajectory of the SEs are from simulations
with SIMION.

2. MCP Detectors for Mass Measurements of Exotic Nuclei

In studies requiring particle detection and identification for mass measurements, there
is a significant demand for charged particle detectors with optimal position and timing
resolution. Particle tracking in magnetic fields is often employed to filter reaction products
in studies involving light particles at relativistic energies. Additionally, tracking more
complex particles in large spectrographs and solenoids has been implemented in studies
of heavy-ion-induced reactions. Detectors ideal for heavy-particle tracking are those that
require minimal material for ions to pass through. While progress has been made with
thin gas-filled detectors [39,40], such as Parallel Plate Avalanche Detector (PPAC) [41,42],
Multiwire Drift Chamber (MWDC) [43], and Time Projection Chamber (TPC) [44], they
need at least two strong foils to contain the active gas. This results in significant energy
losses and scattering of the detected particles. Detectors using a single thin foil present
an optimal solution. Very thin scintillators have been used as transmission detectors,
but they require complex light collection mechanisms and must be thick enough to produce
sufficient light [45]. In many cases, thicker foils have enhanced signal output, making these
detectors essential for use with minimum ionizing particles [46–48]. This detection method
has been successfully used in applications requiring good timing but have found limited
use as position-sensitive detectors. An alternative approach involves detecting SEs emitted
from a thin foil after an ion passes through it. These electrons are then multiplied in an
MCP detector with a position-sensing anode. Since a large fraction of SE emission occurs
at the surface, this method is, in principle, independent of foil thickness and should work
with the thinnest possible foils.

MCP has been widely used as an amplifier in imaging and/or timing detectors at
radioactive beam facilities due to its high gain, sub-nanosecond temporal response, low
power consumption, stable operation in magnetic fields, sensitivity to a single electron,
and compact size [49]. Foil-MCP detectors, which transport induced SEs from a thin
foil towards the MCP surface using different arrangements of the electromagnetic field
to deduce the timing and/or position information of heavy ions, are widely utilized in
nuclear physics experiments. All the above-described detectors were mostly optimized for
timing measurements at the cost of only timing information (ESR/GSI [21,22], CSRe/IMP [24,25],
and Rare-RI Ring/RIKEN [27,29]) or good position resolution but with relatively worse
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timing resolution (NSCL/MSU [5]), and relatively small detection active areas. Electro-
static mirror-type foil-MCP detectors with good timing performance and medium spatial
resolution for mass identification studies and beam monitoring have also been developed
in many laboratories worldwide [34,50–55]. Compact beam timing E×B MCP detectors
have also been used to measure the TOF of beam particles and reaction products in nuclear
reaction studies [56,57].

MCP detectors with timing anodes have been commonly employed in the traditional
time-of-flight ion-cyclotron-resonance (TOF-ICR) method [8,58–60] for Penning trap mass
spectrometers. The cutting-edge phase-imaging ion cyclotron resonance (PI-ICR) tech-
nique [60,61], utilizing a position-sensitive MCP detector, offers approximately 40 times
higher resolving power compared to the TOF-ICR method and has become the predominant
technique for mass measurements in Penning trap mass spectrometers. With a typical
efficiency of 15–35% [61], the PI-ICR technique, equipped with an additional amplification
of the incident ion by the configuration of Figure 1b, will highly enhance the efficiency.
Further studies of the yield of the SEs from low-energy incident ions of a few tens of keV
need to be carried out. Foil-MCP detectors of this type are expected to achieve a detection
efficiency of 90–100% with a compact structure. If implemented, this method could result
in achieving the same precision approximately 10–40 times faster for Penning trap mass
spectrometers. This will allow the mass measurements of the nuclide chart to cover regions
with one or two more neutron-rich and proton-rich areas. The MR-TOF mass spectrometer
typically incorporates a timing detector for mass measurements [18–20]. Integrating a
position-sensitive MCP detector, which offers both timing and position sensitivity, can
possibly significantly enhance the resolving power of these mass spectrometers. This im-
provement is due to the strong correlation between the isochronous TOF of ions and their
position information. Correcting the TOF spectrum based on the two-dimensional positions
of the ions can maintain and enhance the resolving power. Furthermore, aligning the
beam within the MR-TOF mass spectrometer using the measured position information can
enhance transmission efficiency and maintain high resolving power at the start of the mass
measurements. In addition, α-TOF and β-TOF detectors [62,63] based on these detector
types coupled to an integrated Si detector can be designed for correlated measurements of
atomic masses and decay properties of radioactive isotopes using MR-TOF or Penning trap
mass spectrometers.

2.1. Detector Design and Principle of Operation

Detectors that require ions to pass through a single foil to determine the time and
position of the ion have been widely used. Figure 1 illustrates the schematic layout of
such detectors, designed to capture the timing and position of ion impact on a thin foil.
SEs are emitted from the foil at the ion impact location and are accelerated toward a fast
electron multiplier, such as an MCP. This setup, and similar ones, provide an accurate
timestamp for the ion’s impact on the foil and have been successfully used in fast-timing
applications [21,22,24,25,27,29,50,51]. Electron ejection from the foil can be confined to the
position where the ions hit the foil. Therefore, if the anode of the MCP detector is replaced
by a position-sensing anode, this detector could also record the position of electron impact
on the detector surface, indirectly providing information on the ion’s impact position on the
foil. There are several methods to achieve position sensitivity with an MCP detector [64],
including multi-strip anode [65], helical delay line [66,67], cross-strip anode [68], induced
signal [69,70], resistive anode [71–73], and Timepix CMOS readout [74]. Position resolution
for several direct SE projection electrostatic foil-MCP detectors (Figure 1b), where foil-to-
MCP distances are at least a few centimeters, is no better than 2 mm (FWHM), as reported
in [75]. Ref. [76], which analyzes the performance of this type of detector, identifies electron
transport from the foil to the detector as the main obstacle to achieving sub-millimeter
resolution of the heavy-ion impact position on the foil. The primary cause of deviation from
a straight path for the SE trajectory is their initial lateral velocity for the type of detector
in Figure 1b. This lateral component’s impact can be minimized by rapidly accelerating
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the SEs toward the detector [75]. Mirror-type detectors (Figure 1a) have been reported to
achieve approximately 1 mm (FWHM) resolution power and a timing resolving power of a
few tens of ps [50,51] due to the mirror structure design. It is suggested in Ref. [77] that
optimal preservation of the information on the points of origin during electron transport
from foil to MCP detector surface will require a combination of magnetic containment and
electrostatic acceleration. It has also been recognized that a magnetic field parallel to the
desired propagation direction will cause the electron to move in a tight spiral from the foil to
the MCP detector surface [77]. In Ref. [77], low magnetic fields were applied, and accurate
localization was based on the number of full turns executed by the electrons spiraling
along the central trajectory. Applying a strong magnetic field in the direction of the desired
electron motion should improve the correspondence between the electron’s generation
location and its arrival at the detector. The design depicted in Figure 1d, the so-called beam
parallelizer, is used to collect electrons of a few eV energy diverging from an SE source
and turn them into a parallel beam. A strong, but not necessarily uniform, magnetic field
and minimal electron acceleration are employed. Sufficient acceleration is performed with
an electrostatic field to keep the time spread in electron transit from foil to MCP detectors
low. Electron motion under the combination of small electrostatic acceleration and an
inhomogeneous magnetic field [77] is described in Appendix A.2. This type of detector
achieved a two-dimensional position resolving power of sub-millimeter resolution [5,78]
(approximately 0.5 mm resolution power in FWHM has been achieved with a timing
resolution of a few hundreds of ps). A serious limitation of this type of detector is the
large space occupied by this detector in a parallel arrangement of the electrostatic and
magnetic fields, making their use prohibitive in many experiments. E×B detectors, known
for their compact design and minimal material introduction into the beam path, normally
serve as beam timing detectors [21,22,25,27,29,79–82], and have achieved the best resolving
power of 20–40 ps. This type of detector has been utilized to measure the time of flight
of beam particles and reaction products in nuclear reaction studies [56,57]. To achieve
one-dimensional position sensitivity in the MCP of an E×B detector, a multi-strip anode
with delay line readout was employed in [83], which is particularly appealing due to
its simplicity and low cost. The spatial resolution can reach values better than 0.5 mm
(FWHM) [79,83]. A recent proposal to use it as a position-sensitive timing detector in ring
was reported in [37].

All possible high-performance timing and/or position-sensitive foil-MCP detectors
that could be used for high-precision mass measurements of exotic nuclei are summarized
as shown in Figure 1:

1. Figure 1a shows the mirror-type electrostatic foil-MCP detector. Typically, a timing
resolving power of around 40 ps (in σ), as reported in [30,84], can be reached using a
timing anode coupled to an MCP. A timing and position resolving power of around
50 ps (in σ) and ∼1 mm (in σ) can be achieved using a delay-line anode for this type
of foil-MCP detector [36,84]. The timing resolution will highly depend on the size of
the detector.

2. Figure 1b shows the direct SE projection electrostatic foil-MCP detector. A good
timing resolving power of a few tens of ps can be achieved, but only when the
transportation of SEs to the MCP is within a short distance and fast enough to reach a
sub-mm position resolving power, typically more than 2 mm (FWHM) [75], to achieve
a relatively large active area.

3. Figure 1c shows the electrostatic-lens foil-MCP detector. It has a sub-mm position
resolution and a timing resolving power of a few tens of ps.

4. Figure 1d shows the magnetic field and electrostatic field parallelly arranged foil-MCP
detector. It has good position resolving power (sub-mm) but a timing resolving power
of a few hundreds of ps.

5. Figure 1e illustrates the magnetic field and electrostatic field crossly arranged foil-
MCP detector. It has good position resolving power, reaching around 30 ps, and one-
dimensional position sensitivity with sub-mm position resolving power.
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The trajectories of the SEs when using these detectors, as simulated by SIMION [85],
are schematically illustrated in Figure 1.

2.1.1. Conversion Foils and Secondary Electron Yield

When charged particles pass through a thin solid material, SEs will release. These SEs
typically have an energy of a few electron volts (eV) for the primary components [86,87].
Under high voltage differences, these SEs can be accelerated and collected to provide infor-
mation related to their creation location and time. Typically, carbon foils with thicknesses
ranging from 10 to 100 µg/cm2 and Mylar foils with evaporated aluminum or gold layers
are used, considering factors like straggling, efficiency, and fragility. Thin foils are ideal
for minimizing straggling, but they are more prone to structural failure. Mylar is stronger
than carbon, and the high atomic number (Z) of aluminum/gold increases the MCP signal
amplitude, enhancing detection efficiency. However, Mylar and aluminum/gold foils cause
excessive straggling. Foils can be produced using various techniques, including sputter
deposition, pulsed laser ablation, ion beam deposition, and plasma-enhanced chemical
vapor deposition. Ref. [88] describe a complex process for creating carbon foils of 2 µg/cm2,
starting with an evaporation step followed by the addition of a polyvinyl formal layer,
which is later removed to obtain the self-supporting carbon foil. Ref. [89] emphasizes the
benefits of the filtered cathodic vacuum arc method for synthesizing highly transparent
and self-supporting films. Ref. [90] describes the preparation of foils as thin as 0.6 µg/cm2

using glow discharge sputtering of graphite in a low-density krypton plasma. However,
thinner foils are not always better for the application discussed in this paper. While they
minimize energy loss and straggling of the heavy-ion beam, factors like homogeneity and
robustness are also crucial in the design.

Ions passing through the foil generate SEs primarily through inelastic atomic collisions
with electrons within the detector foil. The SE emission process involves three main
steps [91]: (i) generation of ionized atoms and free electrons within the solid, (ii) diffusion of
the electrons to the target surface, including cascade multiplication, and (iii) reduction of the
ions’ kinetic energy by the work function at the surface (few eVs for solid carbon) [92]. The
amount of introduced SE counts nt

SE within the material at depth x is directly proportional
to its energy loss per unit path length dE/dx [µg/cm2/keV] [87,91,93–97]: nt

SE = Λ dE
ρdx ,

where ρ is the density of the foil and the value of constant Λ depends on the material of the
foil. The secondary electron yield per incoming particle has been well studied [87,93,98].
For example, Λ is 7 µg/cm2/keV for carbon [87], 13 µg/cm2/keV for aluminum, and
60 µg/cm2/keV for gold [99] targets. Despite the systematic deviations related to the
dependencies on projectile and target proton numbers discussed in [87], the assumption of
a general proportionality between SE yields and the electronic energy loss of the projectiles
is impressively demonstrated in Figure 12 of Ref. [87]. This figure illustrates the total
SE yield from carbon foils as a function of the electronic energy loss. When a fast ion
travels through a solid, it loses kinetic energy via distant or close collisions with electrons,
producing slow secondary electrons (SSEs) and fast delta (δ) electrons, respectively. Both the
primary ion and δ electrons contribute to SE cascade multiplication. Due to their distinct
generation mechanisms, SSEs exhibit isotropic angular distributions, while δ electrons
display forward-directed angular distributions [93,94]. Semiempirical equations for the
yields of the secondary electrons per ion in forward and backward directions can be written
as [93,98]:

nF(d) = Λ(
dE
dx

)[1 − βSe−d/(λS) − βδe−d/(λδ)], (1)

and
nB(d) = Λ(

dE
dx

)βS[1 − e−d/(λS)], (2)

where Λ is a constant that mainly depends on the target material. Partition factor βS
(βδ = 1 − βS) is a partition factor of ion energy loss for SSE (δ electron) and about 0.2 for
protons and helium, and for heavier ions, βδ increases up to 0.7 [98]. The total electron
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yield of the slow secondary electrons per ion is the sum of the yields in forward and
backward directions: nt

SE(d) = nF
SE(d) + nB

SE(d). λS and λδ are the SSE and δ electron
transport lengths, which are equivalent to the mean free path in the target. In the case of
heavy ion 100Sn50+ (170 MeV/nucleon) passing through the carbon foil with a thickness
of ∼40 µg/cm2, ∼50 secondary electrons will be emitted in the forward direction and
∼20 electrons in the case of α particle (4–6 MeV) [93,95]. From 2 µm Mylar foil coated with
aluminum (100 nm), the secondary electron yield is about 60 for the heavy ion 100Sn50+ with
an energy of 170 MeV/nucleon. To improve the yield of SEs, gold (Λ∼64 µg/cm2/keV) [99]
and CsI (Λ∼82 µg/cm2/keV) [21] will be effective because more electrons are expected
due to the large Λ values. The detection efficiency of the MCP is influenced by the
energy of the SEs and reaches a plateau for electron impact energies above 500 eV [79,100].
Before reaching the MCP, the electron impact energy can be accelerated to exceed 500 eV.
With an open area ratio of typically ≈60% for the MCP device and a designed transport
efficiency of over 90% for various foil-MCP detectors, the detection efficiency for more than
one electron is estimated to be over 80%, and nearly 100% for more than two secondary
electrons, for both forward and backward directions from the foil.

2.1.2. Simulation

To demonstrate the design and performance of these SE detection detectors, simulation
of the SE transport from the conversion foil was conducted using the SIMION software
package [85]. In these simulations, SE energies were assigned a range of 0–20 eV, with a
mean value of approximately 2 eV, representing the primary electrons emitted from the foil
with a percentage of 85% [86,87,101]. The emission angles ranged from −90 to +90 degrees
relative to the foil surface, and SEs emitted from both the forward and backward sides
of the foil are directed to the MCP surface. Each parameter of the uniformly distributed
electrons was generated using a random generator in SIMION [85].

The real electric field usually contains disturbances compared to the perfectly designed
electric field. Because of that, the timing resolution and spatial focusing can be different
from that of the calculated ideal case. However, the analytical solution (simulation) can
be useful to define the direction of the investigations. In order to determine the timing
and position resolutions, SEs were assigned to groups and start from the same point of
the foil. As shown in Figure 1a–e, a three-point imaging of grouped SEs from the foil
onto the MCP surface was studied. Different high-voltage (HV) supplies were added
to the potential plates or grids and varied during the simulation for different settings.
In addition, the magnetic field, when present, was varied and investigated. The TOF
distribution, and two-dimensional position distributions of initial SEs for each group from
the foil reflected onto the MCP were analyzed. The simulation results are briefly discussed
in the following sections.

In the following Sections 2.2–2.5, advanced detector designs with both timing and
position sensitivity will be discussed in detail. To achieve both high timing and position
sensitivity, some of these designs used a segmented structure, taking advantage of both
forward and backward SEs and employing two of the basic detector types, as shown in
Figure 1.

2.2. Electrostatic Mirror Detector

The electrostatic mirror MCP detector system, as illustrated schematically in Figure 2a,
typically comprises a conversion foil, an accelerating grid, an electrostatic mirror, an equipo-
tential housing, and an MCP assembly. When ions penetrate the conversion foil, SEs are
produced and then accelerated by the accelerating grid wires. After acceleration, the SEs
enter the detector interior, pass through a field-free region, and are then bent by the
electrostatic mirror harp wires. Finally, the SEs drift freely to another field-free region,
reach the MCP front surface, and are detected by the coupled anode. These processes
are schematically shown in Figure 2a; thus, the detector can be divided into three main
functional parts:
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Figure 2. Schematic diagram of the working principle of foil-MCP detectors. (a) Schematic view
of the trajectories of SEs from the conversion foil to the MCP detector for the electrostatic mirror
detector [36]. (b) Schematic diagram illustrating the principle of a B∥E-MCP detector. The trajectories
of the SEs in a magnetic field that changes gradually from a strong field to a weaker uniform field is
modified from [102]. (c) This setup represents a cross-type B×E-MCP detector. Heavy ions travel
along the positive z-axis, the electric field is oriented along the negative z-axis, and the magnetic field
is reversed along the positive y-axis [103].

1. SE generation and acceleration: front wall with a conversion foil at a potential U2,
and an accelerating plate with grids at potential U1.

2. SE reflection: an electrostatic mirror plate at U3 with grids as the back wall to re-
flect SEs.

3. SE field-free region and SE detection: the bottom plate (U1) with a circular or rect-
angular hole, two side walls (U1) to maintain equal potential inside and serve for
fixing, and a chevron-type MCP (front surface at U1) with a delay-line anode (U4) to
detector SEs.
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Additionally, an additional aluminum plate (at U1) with grids is placed in front of the
foil to balance the force on the foil and prevent deformation or breakage due to electrostatic
force. The construction materials of the detector were selected to meet both the high
voltage requirements (dielectric strength) and vacuum conditions (material degassing)
inside the detector. The conductive plates are made of aluminum and all the grids consist
of gold-plated tungsten (W+Au) (40 µm in diameter). The detector can operate solely
with an electrostatic field [34,36] to avoid disturbing the isochronous field in the storage
ring, Rare-RI Ring, which consists of 24 dipoles [35,104]. Carbon foil with 10–60 µg/cm2

thicknesses or Mylar foil coated with aluminum with thicknesses of 2–4 µm is used as the
conversion foil for SEs emission. When the detector is used for timing only, the MCP is
coupled with a timing anode [30]. If a two-dimensional position-sensitive delay-line anode
is mounted below the MCP, it can be used for both timing and position measurements
simultaneously [36]. To attain high timing and spatial resolution, it is crucial to carefully
calculate the motion of SEs within the detector and their interaction with the potentials
applied to the detector plates. A detailed description of the electromagnetic motion of SEs
can be found in Appendix A.1. Furthermore, a simulation study is required to determine
the optimal design based on the specific requirements.

To optimize the timing and position resolutions of this type of detector, a simulation
was conducted. SEs were grouped according to the distribution described in Section 2.1.2
and started from five points on the foil. The simulation included a five-point imaging of
these grouped SEs onto the MCP surface, viewed in the X-Z plane (left panel of Figure 3a)
and the X-Y plane (right panel of Figure 3a). Different high-voltage (HV) supplies were
applied to the potential plates or grids and varied for different settings during the simula-
tion. The TOF distribution and two-dimensional position distributions of initial SEs from
the foil, reflected onto the MCP, were fitted with a Gaussian function. The peak width was
characterized by the Full Width at Half Maximum (FWHM), defined as 2.355σ, where σ is
the standard deviation of the Gaussian distribution.
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Figure 3. (a) Five-point imaging of SEs from the foil onto the MCP surface in the X-Z and X-Y
views during the simulation. The comparison of X-coordinate position (b), Y-coordinate position
(c), and timing (d) resolutions for detectors with different dimensions (120 mm × 120 mm and
240 mm × 240 mm for the triangular structure). The HV settings for the different plates were identical,
and the accelerating HV values were all negative in the simulation [36].

A comparison of timing and position resolutions of different dimensions
(120 mm × 120 mm and 240 mm × 240 mm for the triangular structure) was simulated
and the results are demonstrated in Figure 3. The results clearly indicate that smaller-sized
detectors offered better position and timing resolutions when the HV supplies were set
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identically. This improvement was due to the reduced total TOF and path length of SEs in
a more compact structure, which minimizes the influence of the initial energy and angular
distribution of SEs from the foil. The trends in timing and position resolutions for the
mirror detector, depicted in Figure 3, show that increasing the accelerating HV enhanced
these resolutions until they finally became nearly saturated at a plateau. An intrinsic timing
resolution typically better than 20 ps and two-dimensional position resolutions of ∼1 mm
were achieved.

2.3. Electrostatic-Lens Position-Sensitive TOF MCP Detector

The 3D structure of the designed electrostatic-lens position-sensitive TOF MCP de-
tector is shown in Figure 4, integrating two segmented parts as depicted in Figure 1b,c. It
comprises a conversion foil, an accelerating grid, a triplet electrostatic lenses, two MCPs
with a timing anode made of metal at the rear side, and a two-dimensional position-sensitive
delay-line anode [105] at the forward side, respectively. The detector configuration features
a straight structure, with the conversion foil tilted at an angle of 30◦ relative to the heavy-ion
beam axis. A self-sustained carbon foil with a thickness of 5–20 µg/cm2 (25–100 nm) or
140–280 µg/cm2 (1–2 µm) Mylar foil coated with aluminum with a thickness of 27 µg/cm2

(100 nm) can be used as the conversion foil for SE emissions. The accelerating grid which
possesses crossed wires with 1 mm pitch in both directions can be made of gold-plated
tungsten (W+Au) with a diameter of 40 µm.

As illustrated in Figure 4, the detector comprises two functional areas: one in the
backward direction for timing determination and another in the forward direction for
position measurement. The backward SEs, induced from the foil upon impact by a heavy
ion, are directly accelerated to the MCP via an accelerating potential of −4800 Volts (V)
between the MCP (biased at 2400 V) and the foil (biased at −2400 V), allowing the timing
information of the ion’s impact to be recorded. Meanwhile, the forward SEs emitted by
the same ion are accelerated by the accelerating grid (biased at −2000 V) and focused onto
the forward MCP (biased at 2400 V), which is coupled with a position-sensitive anode to
reproduce the position information of the ion on its impact. The electrostatic lenses help
constrain the position dispersion of the SEs and focus them onto the MCP (biased at 2400 V)
surface to preserve their position information. The high-voltage supply values for each
electrode of the triplet-lens system are specified [38]. A key feature of this MCP detector is
its minimal beam perturbation compared to the mirror-type MCP detector, as there are no
wires along the passage of RI beams in the MCP detector.

To enhance the design and performance of the MCP detector, a simulation of the trans-
port of secondary electrons (SEs) induced from the conversion foil was conducted using
SIMION [85]. As illustrated in Figure 4, the resulting position and timing resolutions are
shown for both sides. The Y- and Z-coordinate position resolutions of the MCP detector at
both the timing-sensitive and resolution-sensitive sides, as a function of the corresponding
positions on the foil, are depicted in Figure 4a,b. In Figure 4c, the timing resolutions of the
position-sensitive side and the dedicated timing side, as a function of the corresponding
positions on the foil, are presented. The target position resolution and timing resolution
for this type of detector are ≤1 mm (in σ for two dimensions) and 20–40 ps (in σ) with an
effective area of Φ60 mm. Future designs aim to expand the effective area of this type of
detector to as large as Φ100 mm.
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Figure 4. (Upper panel) Simulation of SE trajectory in an electrostatic-lens MCP detector. The lower
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(c) resolution as a function of the position at the foil for the timing side (depicted as TOF side in the
legend) and position-sensitive side (depicted as position side in the legend), respectively [38].

2.4. E×B Position-Sensitive Timing MCP Detector

The B×E-MCP detectors with uniform electric and magnetic field crossly arranged are
routinely used in the mass measurement experiments of heavy-ion storage rings at GSI,
IMP, and RIKEN. Figures 2c and 5a illustrate the working principle of the B×E detector.
When an ion passes through, secondary electrons (SEs) are emitted from both surfaces of
the foil. The crossed static electric and magnetic fields cause the SEs to follow a cycloid
motion, transporting the SEs isochronously to one or two MCP detectors positioned in
the forward and backward directions of the ion beam. Despite the SEs being emitted
with a wide angular spread, the acceleration with the electric field reduces their angular
dispersion. This electromagnetic field ensures a isochronous electron transport. The SEs of
three ion beam spots are focused in one dimension at the MCP surface, with their simulated
trajectories shown in Figure 1e. In a uniform electromagnetic field, the center-to-center
distance D from the foil to the MCP detector (Figure 3c) is determined by the field’s strength.
The electromagnetic motion of secondary electrons is detailed in Appendix A.2.

The detector model shown in Figure 1e is a large-area electromagnetic field B×E-MCP
detector designed for the next-generation heavy-ion accelerator HIAF with an effective area
of 50 mm × 200 mm. As shown in Figure 3c and discussed in Appendix A.2, only when
the displacement difference between the MCP surface and the surface of the conversion
film is >0 mm and the electric field strength is relatively large, can the SEs emitted from
the conversion film reach the MCP surface smoothly. Table 1 gives the two-dimensional
position (X and Y) and timing resolution of the detector by simulation with SIMION [85].
The displacement difference between the MCP surface and the conversion film surface is
0–4 mm. The magnetic induction intensity of the magnetic field set in the simulation is
B = 85 gauss, and the electric field strength E = 200 V/mm. This detector can be designed
as a one-dimensional position-sensitive TOF detector, at which the timing information of
heavy ions is obtained by measuring the forward SEs by the time-sensitive MCP detector,
and the position information of the heavy ions are obtained by measuring the forward
SEs by the position-sensitive MCP detector. This type of development is proposed at
ESR/GSI [37]. The position resolution of the target is better than 0.5 mm (σ, one dimension)
and the time resolution achieved is better than 50 ps (σ). The newly designed MCP detector
for HIAF simulates an intrinsic timing resolution of better than 20 ps (σ) and an intrinsic
position resolution of 0.15 mm (FWHM, 1 dimension), as shown in Table 1.
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Figure 5. (a) The B×E foil-MCP detector designed to provide both timing and one-dimensional
positional sensitivity [37]. (b) The positional data (x/mm) for ions during each revolution are
recorded by a position-sensitive detector that experiences energy loss (using a foil-MCP detector)
within the storage ring [103]. The error bars for each data point (in bule) in the simulation account
for a resolving power of 1 mm (σ) for the foil-MCP detector. A function: x = x0 + a · exp(−b · T) ·
sin(2π · (T − T0)/ω) + c · T, is used to fit (in red) the betatron oscillation (see Section 5.3 for details).
(c) The positional and angular data (x,x′) for ions during each revolution are captured by a position-
sensitive detector that functions without any degradation (for example, using a Schottky pickup as
the probe) within a storage ring. (d) The positional and angular data (x,x′) for ions per revolution
obtained by a position-sensitive detector that experiences energy loss (utilizing a foil-MCP detector)
within the storage ring [103]. The ions being simulated in this scenario are 38K19+ with an energy level
of approximately 200 MeV/nucleon. The simulation is based on the COSY [106] and MOCADI [107]
software packages, developed at MSU and GSI.

Table 1. Timing resolution and X, Y resolution dependence on distance between C-foil and MCP for
the B×E-MCP detector, by SIMION simulation.

Distance Between C-Foil and MCP 1 mm 2 mm 3 mm 4 mm

Timing resolving power (σ, ps) 16 20 16 16
X-resolution (FWHM, mm) 0.15 0.40 0.38 0.69
Y-resolution (FWHM, mm) 7.68 6.86 7.00 6.43

2.5. E∥B Position-Sensitive Timing MCP Detector

A position-sensitive timing foil-MCP detector with parallel electrostatic and mag-
netic fields (beam parallelizer) can be used to collect electrons with a few eV of energy
diverging from an SE source and convert them into a parallel beam. This is achieved
by applying a strong, though not necessarily uniform, magnetic field and minimizing
electron acceleration. This limited acceleration helps reduce the time spread in electron
transit from the foil to the MCP detectors. The motion of SEs under small electrostatic
acceleration and an inhomogeneous magnetic field is detailed in Appendix A.2.1. In this
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setup, lateral momentum is gradually converted to longitudinal momentum. Provided
the magnetic field is strong and the linear acceleration due to the electric field is moderate,
the electrons will spiral along the magnetic field lines. This concept relies on adiabatic
invariance [76,102]. Electrons emitted from the foil are accelerated towards the MCP and
generally move along the magnetic field. Electrons with an initial transverse momentum
will spiral along the magnetic field lines. If the magnetic field is constant, this spiral motion
results in periodic circular motion in a plane perpendicular to the magnetic field. The SEs
spiral around the diverging magnetic field lines, and the transverse component of their
velocity gradually decreases as the magnetic field strength diminishes from its initial value
at the foil. As mentioned earlier, adiabaticity (the conservation of the action integral) can
be expressed in terms of the constancy of the flux linked by the orbit of SEs. This leads to
an expression where the ratio representing the change in orbit radius defines the lateral
image (de)magnification, M, of the orbital motion. See Appendix A.2.1 for the details of
the principle.

Figure 6 is the simulated adiabatic process without a magnetic field confining the
lateral motion of electrons (a) and the applied magnetic field confining the lateral motion
of electrons (b). After adding a magnetic field to the detector, the lateral motion of the
electrons is strongly confined within a small offset range, and the constraint of the magnetic
field on the lateral motion of the electrons greatly improves the position resolution of
the detector.

(a) (b)

Figure 6. Simulation of SE trajectories in the absence of magnetic field (a) and magnetic field (b) [85].
The SEs of the detector are emitted from the conversion film of the detector. The implementation of
an additional magnetic field can significantly improve the confinement of the ion’s position.

This type of detector has good position resolution, straightforward construction,
effortless maintenance, and low requirements for magnets that supply magnetic fields.
It stands out as a superior alternative for position measurement within the beam lines
HFRS and storage ring SRing of next-generation heavy-ion devices HIAF. Table 2 gives the
two-dimensional position (X and Y) and timing resolution of the simulated MCP detectors
arranged in parallel with the electromagnetic fields when the electric and magnetic field
strengths change. The detector is designed to achieve a positional resolution of <0.5 mm
(FWHM, two dimensions), and a timing resolution better than 300 ps (σ).

Table 2. The corresponding changes in the simulated two-dimensional position (X and Y) and
timing resolutions of the MCP detector when the electric field and magnetic field strength change.
The electric and magnetic fields are arranged in parallel for the detector.

Electric Field (Volt) 1000 1000 2000 1000 2000 1000 1000 1000
Relative Initial Magnetic Field (Gauss) 0 212 212 864 864 529 2115 9520

Timing resolution (σ, ps) 400 490 233 476 237 410 441 466
X-resolution (FWHM, mm) 9 0.23 0.29 0.06 0.08 0.09 0.037 0.006
Y-resolution (FWHM, mm) 9 0.25 0.30 0.06 0.09 0.09 0.040 0.007

3. Calibration of the Position-Sensitive Anode of an MCP Detector

Here, we use the helical delay-line MCP detector as an example to discuss the cali-
bration of the anode of a position-sensitive MCP detector. The helical delay-line anode of
the delay-line MCP detector (DLD) [105], as shown in Figure 7, consists of a holder and
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two coils for the X and Y directions. Each coil (dual delay line) with two wires is wound
in parallel with a pitch of 1 mm around the holder. One wire acts as a reference wire
(Reference) and the other as a charge collection wire (Signal). The holder has a metal core
with four checkered ceramic insulators at the edges. The delay lines are wound around
these insulators, the first in a direction with a smaller circumference (X), and the second in
a direction perpendicular to the first with a larger circumference (Y). The Signal wire is at a
more positive potential (+36 V) than the Reference wire, making it more attractive to the
electrons coming from the MCP back plate and producing a larger signal. When an electron
cloud propagates along a collecting wire, a current is induced only in the neighboring
Reference wire, which can then be registered. The anode holder acts as a reflecting plate,
ensuring that nearly all electrons from the charge cloud are collected by the Signal wire.
The single pitch propagation time (for 1 mm) on the delay line is approximately 1.24 ns for
the DLD. Therefore, the correspondence between 1 mm position distance and relative time
delay in the two-dimensional image is twice this value: approximately 2.48 ns. Conversely,
a relative time delay of 1 ns in the two-dimensional image corresponds to approximately
0.4 mm of position distance. Each line has a length of approximately 120 mm (300 ns) and a
resistance of ∼24 Ω.
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Figure 7. (a) shows the schematic cross-sectional view of the setup for the calibration of the DLD
system. (b) indicates the 3D imaging principle of the calibration setup [36].

The front and back sides of the MCP assembly, along with the delay-line anode wires
and the holder, are biased through the feedthrough decouple (FT12) from [105], which
connects the MCP front, back, anode wires, and holder with copper cables inside the
chamber. The bias voltages applied to the front and back sides of the MCP, the holder
electrode, and the delay-line anode wires are listed in Table 3. A bias voltage of 2400 V is
applied between the front and back of the MCP, resulting in an overall gain of approximately
107. The avalanched electrons leaving the MCPs induce a fast positive signal on the
back/front side of the MCPs, which are collected by the signal wires of the X and Y delay
lines, as shown in Figure 7. The reference wires, wound next to the signal wires, are biased
with slightly different voltages (+36V) by a BA3 module [105] and are used to suppress
electromagnetic noise picked up in the vacuum chamber. Five signals are read out: one
from the MCP back or front side, two from the ends of the X delay line, and two from the
ends of the Y delay line. The MCP back-side signal is inverted and then amplified twice by
a photomultiplier amplifier (PM-AMP, Kaizu KN2104 [108]). The four anode signals are
also amplified twice by the same PM-AMP.
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Table 3. Typical high-voltage settings for delay-line MCP detector.

Ion Detection Mode Electron Detection Mode

MCP front −2400 V 0 V
MCP back 0 V +2400 V

Anode holder 0 V to +250 V +2400 V to +2650 V
Reference wires +250 V +2650 V

Signal wires +286 V +2686 V

During the calibration of the DLD system, the ion source typically used is either the
vacuum gauge, which produces low-energy ions (around 100 eV), or the 241 Amα sources
placed above the mask on the chamber when supplying high voltage (HV) for the DLD
system in ion mode, as shown in Table 3. In electron mode, since ions from the gauge rarely
reach the MCP front surface with an applied voltage of 0 volts, the 241 Amα sources are
used instead.

The position at which the incoming particle impacts the MCP detector is determined
by the time difference between the signals received from both ends of the same delay-line
anode. The MCP position readout (X, Y) can be represented as follows:

X = ax(TX1 − TX2) + bx, Y = ay(TY1 − TY2) + by, (3)

where TX1, TX2, TY1, and TY1 are the timings of the four delay-line anode signals in ns.
The conversion factors from ns to mm, ax and ay, can be calibrated using a collimated
mask. Additionally, the timing offsets bx, by, which arise during pulse propagation and
amplification, can be determined simultaneously. While this basic correction scheme,
as described by Equation (3), cannot correct for rotations and non-linear distortions of the
MCP image, it simplifies the implementation of the calibration algorithm. A typical setup
for this calibration is illustrated in Figure 7.

Since the total length of the delay lines is constant, the sum of the propagation times
from the charge impact position to both ends of the delay lines remains unchanged, regard-
less of where the event occurs. Therefore, the timing sums

TXsum = TX1 + TX2, TYsum = TY1 + TY2 (4)

are both expected to be constants, where TX1, TX2, TY1, and TY2 represent the timing signals
from both ends of the two-dimensional delay lines relative to the MCP back-side signal,
which serves as the trigger. When performing experiments involving position measurement
or calibration of the DLD, a sum condition on the timing of the signals can be applied
for event selection. This helps eliminate false triggers caused by electronic noise and
pile-up events.

The physical positions (Xp, Yp) of the hole points along the delay lines on the mask are
determined from the designed values as illustrated in Figure 8a. A first-order calibration
function similar to Equation (3) is constructed to correct the measured timing differences of
each center positions (dTX, dTY) on the holes to their physical positions. The parameters
ax, bx, ay, and by from fitting are then applied to Equation (3) to calculate the calibration
points using the measured timing differences from both ends of each delay line. To estimate
the distortions in the MCP image, we calculate the first-order fitting deviations between
the coordinates of the calibration points on the MCP image and their physical positions,
as shown in Figure 9a. The mean absolute deviations are 0.44 mm and 0.42 mm for the X
and Y directions, respectively, while the maximum deviations are 0.85 mm and 0.92 mm for
the X and Y directions, respectively, without significant overall rotation of the mask when
observing the entire MCP image. To achieve a much more precise and accurate calibration
for the DLD system, we employ two-dimensional polynomials with 10 parameters for each
hole. These polynomials transform the high-accuracy timing differences at each position
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(dTX, dTY) of the calibration points to their corresponding physical positions (Xp, Yp) as
closely as possible. The correction functions are as follows:

Xc = p0 + p1dTX + p2dTy + p3dT2
X + p4dTXdTY

+p5dT2
Y + p6dT3

X + p7dT3
Y + p8dT2

XdTY + p9dTXdT2
Y

(5)

and

Yc = q0 + q1dTX + q2dTy + q3dT2
X + q4dTXdTY

+q5dT2
Y + q6dT3

X + q7dT3
Y + q8dT2

XdTY + q9dTXdT2
Y,

(6)

where dTX = TX1 − TX2 and dTY = TY1 − TY2 are the timing differences of the both delay-
line signals for the X and Y layers. In Equations (5) and (6), (Xc, Yc) represents the corrected
position of a calibration point with non-corrected timing difference (dTX , dTY), and pi and
qi (i = 0–9) are parameters determined by fitting all the calibration points within an effective
region (−45 mm ≤ X ≤ 45 mm, −45 mm ≤ Y ≤ 45 mm) of the mask and setting (Xc, Yc)
to their physical positions. Regions near the outer edge of the MCP, which exhibit poor
linearity, are excluded from the calibration analysis.
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Figure 8. (a) CAD drawing of the effective area featuring ϕ0.5 mm or ϕ1 mm holes on the calibration
mask. (b) Two-dimensional spectrum of raw signal imaging, displayed as a contour plot, based
on the time difference in the x- and y-directions. (c) Calibrated two-dimensional position imaging
spectrum of collimated ions passing through the mask, shown with contour display [36].
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Figure 9. Fitting residual dependence of position for first-order calibration (a) and third-order
calibration with cross terms (b) in fitting [36].

To evaluate the performance of this position calibration method, we applied the
calibration parameters from one calibration run to correct another dataset taken under the
same conditions but was statistically independent from the calibration run. The deviations
of x and y coordinates from their physical values were calculated. The distributions of the
deviations along with their uncertainties of the measurements in the X- and Y- directions
are shown in Figure 9b. The average absolute deviations (accuracy) for second-order or
third-order corrections, with or without cross terms, amounted to ≤82 µm and ≤ 147µm
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for x and y coordinates, respectively, which are significantly smaller than those from the
first-order correction, at approximately 0.4 mm. The root mean squares (RMS, resolution:
σx, σy) of the higher-order deviation distributions were all ≤0.068 mm and 0.142 mm for
both x and y coordinates. In this test, the maximum deviation was <0.4 mm, as shown
in Figure 10. For the radial position resolution, we transformed the X and Y resolutions
as follows:

Rxy =
√

σx2 + σy2. (7)

Therefore, the radial position resolution was Rxy =
√

0.682 + 0.1422 = 0.157 mm. Comparing
first-order and higher-order calibration methods revealed that higher-order calibration was
necessary to accurately determine the position dependence of fitting deviations.
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Figure 10. The vector field map of the correction vector V⃗ij, derived from the difference between the
expected and the calibrated/measured mean values for each hole center spot. (a) displays a first-order
correction map, while (b) shows a higher-order correction map. For better visibility, the lengths
(magnitudes) of the vectors are enlarged by a factor of 5. The edge of the active area of the DLD is
indicated by the dashed blue circle [36].

A correction vector V⃗ij was used for each spot to shift the measured values to the
expected mean values.

V⃗ij = (Xexpected,ij − Xmeasured,ij)e⃗x + (Yexpected,ij − Ymeasured,ij)e⃗y, (8)

where Xexpected,ij and Yexpected,ij are the expected X and Y values, while Xmeasured,ij and
Ymeasured,ij are the measured X and Y values, and e⃗x and e⃗y are the unit vectors in the X and
Y directions. The resulting correction matrix V⃗ij adjusts each measured mean value to its
expected position on the mask.

A 2D vector field figure, as shown in Figure 10, illustrates the correction vector V⃗ij
for each spot on the mask, indicating shifts with their respective angles and magnitudes
(line lengths). For better visibility, the lengths (magnitudes) of the vectors are enlarged
by a factor of five. The edge of the active area of the MCP is marked by a dashed blue
circle. As seen in Figure 10, the deviation amplitude of the third-order fitting is significantly
smaller at each point compared to the first-order fitting, except for a few points near the
edge of the delay lines. This confirms that higher-order correction is necessary for better
accuracy. Additionally, no curl in the direction of the vectors is observed in the first-order
fitting vector field map, suggesting that neglecting rotation in the X-Y plane is reasonable.
From both the first- and higher-order correction maps in Figure 10, larger deviations are
noticeable near the edge of the delay lines.
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4. Experimental Test of the Detectors

To evaluate the performance of the detectors, including their timing and position
resolving powers, efficiency, and active area, specific setups are required both offline with
ion sources and online with RI beams. In this study, we used experimental tests on mirror-
type foil-MCP detectors adopted from [30,36] to illustrate how to assess the performance
of similar foil-MCP detectors. The conversion foil used in these tests was made of mylar
(2 µm) coated with aluminum (∼0.1 µm). The distance from the accelerating grid to the foil
was maintained at 8 mm, with grid wire spacing set at 1 mm.

4.1. Experimental Setup
4.1.1. Offline Setup

The offline test setup is illustrated in Figure 11a. A mask with multiple holes, each
with a diameter of 1 mm or 0.5 mm, was designed to collimate the 241Am α source for
testing the position resolution of the electrostatic mirror-type foil-MCP detector. Three
241Am α sources were affixed to the mask, which was secured to the foil-plate with screws.
A plastic scintillation counter was positioned right after the E-MCP detector to capture the
passing alpha particles. This counter comprised a plastic scintillator and two PMTs (model
number H2431-50 [109]) attached to both ends of the scintillator. The coincidence signal
from the left and right PMTs of the plastic scintillator served as the trigger for the CAMAC
Data Acquisition (DAQ) system.

Mask

Plastic 
E-MCP detector

Alpha

Trigger
( Plastic 1)

Plastic 2E-MCP detector

PPAC 1

TOF A TOF B
TOF C

PPAC 2

@F3

Beam

(a) (b)

Figure 11. Schematic view of detector arrangement of the offline (a) experiment with α source and
online (b) experiment with heavy-ion beams [36].

4.1.2. Online Setup

An online experiment was conducted at the secondary beam line, SB2 course, at the
Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radio-
logical Science (NIRS) [110,111], Japan. A primary beam of 84Kr36+ with an energy of
200 MeV/nucleon was used to evaluate the performance of the E-MCP detector. The right
panel of Figure 11 provides a schematic view of the experimental setup. This setup in-
cludes two delay-line parallel plate avalanche chambers (PPACs) [41], one electrostatic
MCP (E-MCP) detector, and two plastic scintillator counters. The position of each ion
is determined and tracked by two gas-filled PPACs (PPAC1 and PPAC2), each measur-
ing 100 mm × 100 mm, positioned between the two plastic scintillation counters. Each
plastic scintillation counter comprises one scintillator and two PMTs (model number H2431-
50 [109]) at both ends of the scintillator. The E-MCP detector is situated between PPAC1
and PPAC2. The position of each ion as it passes through the foil is reconstructed by the
two PPACs.

4.2. Experimental Results of MCP Detectors
4.2.1. Detection Efficiency

Efficiency is a basic characteristic that indicates the probability of a specific type of
particle successfully passing through a conversion foil and being detected by the DLD. Both
offline and online tests measure this efficiency by comparing the total number of events
recorded by the MCP detector to the number of gated trigger events. The MCP detector’s



Sensors 2024, 24, 7261 20 of 38

efficiency is validated using heavy-ion beams and alpha particles emitted from a 241Am
source, with the findings presented in Figures 12 and 13. Figure 12a illustrates a consistent
efficiency of approximately 95% for heavy ions of 84Kr36+ as the deflection potential is
varied, while maintaining a ratio of the deflection potential to the accelerating potential at
about 0.79. In Figure 12b, the efficiency of detecting alpha particles from the 241Am source is
shown as a function of the deflection potential, with the accelerating potential held constant
at −6000 V and the deflection potential adjusted by altering the HV of the outer mirror
grid. It is evident from Figure 12b that the detection efficiency declined significantly when
the ratio of the deflection potential to the accelerating potential approached 0.5, which
affected the mirror’s transparency to secondary electrons as described by Equation (A6).
At the active area of the MCP, a stable efficiency of about 75% for detecting α particles from
the 241Am source was achieved. The overall efficiency was determined by considering
all events detected across the entire MCP detector relative to the events that occurred,
under the assumption that the detection efficiency is uniform regardless of the detector’s
detection location.

The MCP detector’s local detection efficiency was evaluated using three defocused
beams that collectively span an area of approximately 90 mm by 50 mm. Figure 13a presents
a two-dimensional (2D) histogram depicting the positions of the beams as recorded by the
MCP detector. The local detection efficiency was represented in a 2D histogram format,
with both the X and Y axes divided into bins of 0.5 mm each, as illustrated in Figure 13b.
Efficiency was calculated by dividing the number of events detected by the E-MCP detector
within each 0.5 mm bin by the number of gated trigger events. The results depicted
in Figure 13b show minor variations in local efficiency. Notably, there is a pronounced
deficiency in efficiency along the left edge. This efficiency drop may be attributed to an
uneven gain factor across the MCP stack, and it can be mitigated by applying a higher
voltage between the MCP layers to enhance the gain.

0

20

40

60

80

100

-6500 -5500 -4500 -3500 -2500

Ef
fic

ie
nc

y/
%

Deflection potential/volt

0

20

40

60

80

100

-6500 -5500 -4500 -3500 -2500

Ef
fic

ie
nc

y/
%

Accelerating potential/volt

(a) (b)

Figure 12. (a) The overall detection efficiency of the electrostatic MCP detector plotted against the
deflection potential for ions of 84Kr36+. The ratio between the deflection and accelerating potentials
is consistently maintained at approximately 0.79. (b) The efficiency of detecting α particles emitted
from a 241Am source. The accelerating potential is held constant at −6000 V, while the deflection
potential is adjusted throughout the process [36].
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Figure 13. (a) shows the measured position distribution of beams by the electrostatic MCP detector.
(b) indicates the local detection efficiency distribution of the detector [36].
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4.2.2. Timing Resolution

Normally, for one time-of-flight (TOF) spectrum, the distribution contains the infor-
mation of two timing detectors, which is characterized by the uncertainty σ or FWHM
of the distribution. To determine the intrinsic timing resolution of the E-MCP detector,
another timing detector has to be applied, as shown in Figure 11. Assuming that the timing
distribution of each timing detector follows a Gaussian distribution, the timing resolution
of an individual detector can be determined by using three sets of TOF between three
timing detectors: TOF(A), TOF(B), and TOF(C). Typically, a single time-of-flight (TOF)
spectrum contains data from two timing detectors, which is defined by the uncertainty of
the distribution, denoted as σ or FWHM. To ascertain the intrinsic timing resolution of
the MCP detector, it is necessary to incorporate an additional timing detector, as depicted
in Figure 11. Given that the timing distribution for each detector is assumed to adhere
to a Gaussian pattern, the timing resolution for a single detector can be determined by
examining three distinct TOF measurements across three timing detectors, namely TOF(A),
TOF(B), and TOF(C). The resolutions of three TOFs can be described as follows:

(σTOF(A))
2 = (σpla1)

2 + (σMCP)
2, (9)

(σTOF(B))
2 = (σMCP)

2 + (σpla2)
2, (10)

(σTOF(C))
2 = (σpla2)

2 + (σpla1)
2, (11)

where σpla1, σMCP, and σpla2 represent the intrinsic timing resolutions of the first plastic
scintillator, the MCP detector, and the second plastic scintillator, respectively. The terms
σ(TOF(A)) (or σ(A)), σ(TOF(B)) (or σ(B)), and σ(TOF(C)) (or σ(C)) refer to the “sigma”
parameters obtained from fitting the three sets of TOF data. Utilizing these parameters,
the intrinsic timing resolution of the E-MCP detector can be calculated by solving the
following equation:

σMCP =
√
(σ2(TOF(A)) + σ2(TOF(B))− σ2(TOF(C)))/2, (12)

where the σMCP indicates the intrinsic timing resolution of the MCP detector.
The uncertainty δ(σmcp) of the timing resolution σMCP from the measurement can be

expressed as follows:

δ(σmcp) =
√
(δ2(σ(A))σ2(A) + δ2(σ(B))σ2(B) + δ2(σ(C))(σ2(C))/(4σ2

MCP), (13)

where δ(σ(A)), δ(σ(B)), and δ(σ(C)) are the uncertainties of the fitting “sigma” parameters,
σ(TOF(A)) (or σ(A)), σ(TOF(B)) (or σ(B)), σ(TOF(C)) (or σ(C)), and the δ(σmcp) indicate
the uncertainty of the deduced value of the intrinsic timing resolution σMCP of the E-MCP
detector. The best obtained timing resolution is 43 ± 2 ps in σ [35]. More details can be
found in [35,36].

4.2.3. Position Resolution

The position resolution for the E-MCP detector in the offline test was checked by
using collimated (hole sizes smaller than 0.5 mm in diameter) α from 241Am in front of the
conversion foil. The black and blue data points in Figure 14a show the X- and Y-direction
position resolutions as a function of accelerating potential, respectively. The ratio of
accelerating potential and the deflection potential was kept at ∼0.778. The simulation result
by SIMION [85] with the same setting of the HV supplies for the detector are indicated in
solid line in Figure 14a. Red corresponds to the X-direction resolution and pink represents
the Y-direction resolution. The differences of the experimental results and simulation
results are mainly from the inhomogeneous electrostatic field, timing walk in electronics,
spread of electrons in the MCP, and the initial condition difference of the real condition and
simulation. It is obvious that by increasing the HV of the accelerating potential and the
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deflection potential, the resolutions of X and Y directions improve, which is consistent with
the simulation results shown in Figure 14a.
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Figure 14. (a) Position resolution comparison of offline results (Mylar foil in “electron mode”) to
simulation results as a function of the accelerating potential by keeping the ratio of accelerating
potential and the deflection potential at ∼0.778. (b) Uncertainty of position measurement difference
of the PPACs and the E-MCP detector as a function of accelerating potential. (c) Uncertainty of
position measurement difference subtracted with the resolution of the PPAC system (assuming a
resolution of 1 mm for two dimensions) as a function of accelerating potential [36].

In one offline test run, we set three α sources (241Am) with nearly the same intensity
of 4 MBq at the hole places of (−30 mm, 0 mm), (0 mm, 8 mm), and (30 mm, 0 mm) on the
mask with hole sizes of less than 0.5 mm in diameter. The imaging of collimated α particles
from the holes are shown in Figure 15a. The projections on the X and Y coordinates of the
imaging of one hole are shown in Figure 15b,c, respectively. The uncertainty of the Gaussian
fitting for position distribution on the X and Y coordinates were 1.108 ± 0.079 mm and
1.098 ± 0.041 mm, respectively. In this setting, the accelerating potential of −6000 V and
deflection potential of −4668 V were supplied.
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Figure 15. (a) shows the imaging of collimated α particles from three holes on a mask placed
in front of the foil. (b,c) display the X- and Y-coordinate projections of the imaging from one
hole. The Gaussian fitting parameter “sigma” of the peak is used to characterize the resolutions
(X: 1.108 mm, Y: 1.098 mm). The deviations between the imaging points on the MCP detector and
their corresponding physical positions on the mask are smaller than 1σ uncertainty (the resolution)
of the measurements [36].

In the online experiment, the position on the foil with heavy ions passing though were
measured by the E-MCP detector and also reconstructed by the PPACs. The uncertainty of
position measurement difference of the PPACs and the E-MCP detector as a function of
accelerating potential is shown in Figure 14b. The uncertainty of the position difference
contains the intrinsic resolution of the E-MCP detector and the PPAC tracking system.
To demonstrate the intrinsic resolution of the E-MCP detector, position resolutions of 1 mm
for two dimensions of the PPAC tracking system were assumed to be subtracted from
the uncertainty of the position difference. The derived intrinsic resolution of the E-MCP
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detector system, after subtraction of resolution of the PPAC tracking system, as a function
of the accelerating potential, is shown in Figure 14c. The trend of position resolution as
a function of the accelerating potential is consistent with those of the offline tests and
simulations shown in Figure 14a.

5. Application of the Detectors at Nuclear Facilities
5.1. Utilization for Fragment Separator

Here, the usage of the foil-MCP detectors at the fragment separators BigRIPS at
RIKEN [112] and the HFRS at HIAF [113] are discussed as examples [35,38]. The next-
generation fragment separators, such as BigRIPS [35] and HFRS [38,114], consisting of
two functional parts: the pre-fragment separator for selection and separation of RIs
and the main-fragment separator for high-resolution PID of RIs. These fragment sep-
arators are primarily powerful separators, but can be also operated as high-resolution
spectrometers simultaneously.

An achromatic system typically offers the best performance for spatial separation of
mono-isotopic beams [38,114]. The ion-optical system of the HFRS is doubly achromatic
at the final focal plane. Thin production targets could be employed and installed at PF0.
A degrader at PF2 is shaped to preserve achromatism at the final focal plane MF4. HFRS
will be employed as a two-stage separator: the first stage from PF0 to PF4 is used for
separating of the nuclei of interest through a Bρ-∆E-Bρ selection, and the second stage from
PF4 to MF4 is used for PID of the RIs with a Bρ-∆E-TOF method. The second stage can also
be used to deduce velocity and momentum dispersions of RIs on an event-by-event basis.
This similar scheme for BigRIPS is described in [35].

The trajectory of a fully stripped ion moving through a magnetic field B is influ-
enced by its mass number A, its charge Q = Ze (where Z is the proton number and e is
the electron charge), and its momentum P. This relationship can be expressed with the
following equation:

Bρ =
P
Q

=
mvγ

Q
=

A
Z

cmµ

e
γβ, (14)

where mµ ≈ 931.494 MeV is the atomic mass unit, c the speed of light, ρ the radius of
curvature, β = v/c the relativistic factor, and γ = (1 − β2)−1/2 the relativistic Lorentz factor.
The secondary nuclei are produced by fragmentation at PF0, and their velocity remains
nearly constant. Therefore, selecting in Bρ with the dipoles between PF0 and PF2 is then
equivalent to selecting in A/Z.

The identification of the resulting secondary cocktail beam on an event-by-event basis
is performed in the second part of the HFRS. The nuclei of interest are transmitted up to
the doubly achromatic focal plane (MF4 at HFRS and S0 at BigRIPS, a beam focused in both
the horizontal and vertical planes with no dependence of angle and momentum).

The PID of the secondary cocktail beams is accomplished by the Bρ-∆E-TOF method
in the fragment spectrometer, which ensures the tagging of every particle delivered in the
form of a cocktail beam from projectile or in-flight fission fragments. At the secondary
stage, from PF4 to MF4 [35] (F3 to S0 [35]), the PID provides the atomic number Z and
mass-to-charge ratio A/Q of a fragment by measuring energy loss, magnetic rigidity, and
time of flight (∆E-Bρ-TOF) with the corresponding beam-line detectors. The Bρ and TOF
of RIs could be measured with the MCP detectors designed in this paper, which offer
relatively high position and timing resolutions. The energy loss of RIs can be measured by
an ionization chamber (IC).

The TOF between two foci (PF4 to MF4 at HFRS [35], F3 to S0 at BigRIPS [35]) could be
measured by the corresponding MCP detectors: TOF = L/ (β c), which can be used for velocity
(β) measurements with a correction by the precision Bρ measurement with a MCP detector
at a dispersive focus of MF2 at HFRS and F6 at BigRIPS. From Bρ= P

Q = mvγ
Q = A

Q
cmµ

e γβ,

we can obtain the following: A
Q = Bρ

βγ
e

mµc . The atomic number Z of a heavy ion is deduced
based on the energy loss of the charged particle in the IC.
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The variable ∆E represents the energy losses in the IC, while the velocity β of the
heavy ion in the IC can be derived from the TOF measured with MCP detectors between
the PF4 and MF4 [38] (F3 and S0 [35]) focal planes. The position-sensitive detector in the
focal plane MF2 of HFRS (F6 of BigRIPS), with its high momentum resolution, can be used
to determine the Bρ/β spread of each fragment before it is injected into the storage ring
SRing [38] (Rare-RI Ring [35]). Precise Bρ determination is achieved through trajectory
reconstruction, where measured particle trajectories are combined with ion-optical transfer
matrix elements deduced from experimental data from the MCP detectors [38] (or combined
with scintillators [35]). A correlation of measured beam trajectories at the initial and final
focal planes provides us with direct information of the ion-optical transfer map elements.
For example, a correlation between the final position (MF4 x) and the initial angle (PF4 a)
provides us with a measurement of the (x|a) element of the transport map. In addition to
high-resolution PID of RIs, with the beam-line trajectory monitoring and deduction of the
ion-optical transfer matrix elements, a fast-response tuning method could be established to
help overcome the difficulties caused by low intensity, and large longitudinal and transverse
emittances of the exotic RI beams.

5.2. Utilization for a New Scheme of Mass Measurements

For HIAF, the development of high-performance position-sensitive and timing de-
tectors enables the establishment of the IMS method at the storage ring SRing and the
Bρ-TOF method on the beam line simultaneously. Low energy loss and minimal energy
straggling of RIs in these detectors are crucial for accurate and precise momentum/velocity
reconstruction, which is essential for in-ring mass deduction and beam-line Bρ-TOF mass
measurements. With the advancement of the foil-MCP detector for simultaneous pre-
cise position and timing measurements, as described in [38], a new mass measurement
scheme at HIAF could be realized. This scheme would allow for the execution of two
complementary methods—Bρ-TOF mass measurements with the beam-line HFRS and IMS
mass measurements via the storage ring SRing— in a single experimental run. At RIKEN,
the implementation of the two complementary methods—Bρ-TOF mass measurements
with the beam-line BigRIPS-OEDO and IMS mass measurements via the Rare-RI Ring—in
a single experimental run was detailed in [35].

5.2.1. Mass Measurements by Bρ-TOF Method with Beam Line

The Bρ-TOF technique for mass measurements of exotic nuclei relies on measuring
the Bρ and the corresponding TOF along the beam line with a length of L of the ion:
Bρ = γm

q
L

TOF . The mass-to-charge ratio (m/q) can be expressed as follows:

m/q =
Bρ

γL/TOF
= Bρ

√
(

TOF
L

)2 − (
1
c
)2 (15)

where c is the speed of light and γ is the Lorentz factor. The TOF can be determined
with high precision using the MCP detectors at PF4 and MF4, as illustrated in Figure 16.
However, the precision of the resultant mass is significantly limited by the measurements
of Bρ at MF2 and the flight length L from PF4 to MF4. Therefore, in practice, nuclei with
well-known masses are measured alongside nuclei with unknown masses to calibrate the
relationship between TOF, Bρ, and mass.

The derived mass uncertainty from Equation (15) is described as follows:

δm
m

=
δ(Bρ)

Bρ
+

1
1 − ( 1

c
L

TOF )
2
(

δ(TOF)
TOF

− δL
L
) (16)

The mass resolving power of this technique is highly influenced by the resolutions of
the MCP detector (specifically, the TOF from PF4 to MF4 and the position measurement
at MF2) and the momentum resolution of the beam line, which is determined by the ion-
optical design. Bρ-TOF mass measurement with a typical TOF ∼1 µs yields mass data with
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an accuracy ranging from 10−4 up to the level of 10−6 depending on the statistical data.
This technique enables the simultaneous measurements of numerous nuclides, including
reference isotopes and isotopes of interest.

Pre-fragment
separator

Main-fragment
separator

target    

degrader

PF0

PS-T D x 2
PF4

PF2

PS-T D x 2
MF1

PS-T D x 2
MF2

PS-T D x 2
MF3

PS-T D x 2
MF4

Figure 16. The potential completion status of the foil-MCP detector installation at HFRS. Dual
foil-MCP detectors, indicated by purple blocks, could be used for measuring the position, angle,
and timing of arrival of RIs at the foci (PF4, MF1-4) of HFRS on an event-by-event basis [38]. The ‘PS-T
D’ refers to the position-sensitive timing detector.

5.2.2. Mass Measurements with Storage Ring Mass Spectrometry

The storage rings ESR, CSRe, and Rare-RI Ring, designed for mass measurements
using isochronous mass spectrometry (IMS) at the nuclear facilities GSI [21–23], IMP [17,26],
and RIBF [32,104,112], have been utilized with projectile and fission fragments. This
application has led to numerous significant findings in nuclear physics and astrophysics,
based on the precise mass determinations achieved through IMS. Storage ring spectrometers
are highly effective devices for achieving high-accuracy mass measurements (10−6–10−7)
of very short-lived isotopes. Recent advancements, such as the in-ring double-TOF method
at CSRe/IMP and CRing/FAIR, in the measurements of velocity techniques have extended
the applicability and ability of storage ring mass spectrometry [38,103].

The SRing is an essential part of the HIAF and it is a dedicated storage ring for precision
mass and half-life measurements of short-lived nuclei with life-times down to several tens
of microseconds [38,103]. The basic principle for storage ring mass spectrometry describing
the relationship between the mass-over-charge ratio (m/q) and the revolution period (T) or
the revolution frequency (f) can be quantitatively expressed in first-order approximation:

dT
T

= −d f
f

=
1

γt2
d(m/q)

m/q
−
(

1 − γ2

γ2
t

)
dv
v

=
1

γ2
d(m/q)

m/q
+

(
1

γ2
t
− 1

γ2

)
d(Bρ)

Bρ
, (17)

where γ is the relativistic Lorentz factor, v the velocity of the ion, and Bρ the magnetic rigid-
ity. γt is the so-called transition energy of the ring, where the momentum compaction factor
αp = (∆C/C)/(∆Bρ/Bρ) represents the ratio between the relative change in orbital length
of an ion stored in the ring and the relative change in its magnetic rigidity. The transition
energy of storage rings, γt, is defined by αp ≡ 1/γ2

t . Based on this principle, two comple-
mentary experimental methods, namely Schottky (SMS) and IMS, have been developed for
accurate mass measurements [17]. One method is to set the Lorentz factor γ of a specific
ion species to the ring’s transition energy γt, so that γ = γt. This achieves the isochronous
condition. Under this condition, the revolution period T of the ions depends solely on their
mass-to-charge ratio m/q, regardless of their momentum spreads. This property is only
valid within a limited mass-to-charge region known as the isochronous window [16]. For
ion species outside the isochronous window, or even within it, the isochronous condition is
not perfectly met. This results in an unavoidable momentum spread due to the acceptance
of the storage ring, which broadens the distribution of the revolution period and reduces
mass resolving power. To minimize the spread of the revolution period, it is essential
to correct the Bρ spread of stored ions. However, directly measuring the Bρ of each ion,
especially those with unknown m/q, is challenging due to the definition of Bρ.



Sensors 2024, 24, 7261 26 of 38

To reduce the spread of the revolution period, precise Bρ or β measurements of stored
ions are necessary. It is assumed that ions with the same magnetic rigidity will follow
the same closed orbit, regardless of their species. Therefore, correction of the magnetic
rigidity can be achieved by adjusting the corresponding orbit. In IMS experiments at ESR,
this is verified with the momentum acceptance limited by a pair of slits (Bρ-tagging) at a
dispersive plane in FRS, which results in a significantly improved resolving power [16].
However, the transmission efficiency of the rare exotic nuclides is reduced dramatically by
this approach, limiting its application for nuclides far from the valley of stability, which
have very tiny production rates. This limitation can be overcome by the measurement of
the velocity or momentum of each stored ion before injection into the ring or inside the
ring. One method (double-TOF) to measure the revolution time with extra determination
of the velocity is by using two TOF detectors installed at the straight section of the storage
rings. The original idea was first proposed at GSI [115] and realized at CSRe in IMP [116].
The Collector Ring (CR) at the next-generation facility FAIR [117] and the Spectrometer
Ring (SRing) at HIAF [113] will both be equipped with double-TOF detectors [25] at the
straight sections. Another method (in-ring Bρ-TOF) is the measurement of the ion’s position
in the dispersive arc section of a storage ring by using a position-sensitive low-energy-loss
foil-MCP detector or a non-destructive position-sensitive cavity doublet to determine the
ion position event by event to realize the correction by magnetic rigidity measurement.
The SRing is proposed to measure the exotic nuclei in IMS mode with additional velocity
or magnetic rigidity measurement for TOF correction of non-isochronous RIs. Therefore,
the correction of the in-ring revolution time by Bρ (equivalent to β for a certain close orbit)
measurements with double-TOF detectors can be carried out. Alternatively, to realize the
correction of the non-isochronous TOF of RIs in the SRing, a foil-MCP detector with high
position and timing performance at the same time, which is described within this paper,
could be installed at a dispersive arc section of the SRing to measure the ion’s position
to deduce the Bρ of each ion event by event. A foil-MCP detector can be installed at a
dispersive arc of the SRing where the value of horizontal dispersion function Dx is large in
order to deduce the Bρ value precisely [38].

Compared to the double-TOF method, in principle, only one foil-MCP detector with
relatively lower energy loss of the circulating RIs can realize the same correction effect.
Actually, the double-TOF detectors can be replaced by one compact detector with high
performance in both good timing and position measurements to reduce the accumulated
energy losses of RIs when passing through the foil of the detector for hundreds to thousands
of turns.

In summary, the Bρ-TOF method would be a perfect marriage with multi-physics
experiments in the next-generation RI beam facility HIAF in China. To reach the most
exotic area of the chart of nuclides and to have an effective use of the precious beam time,
two complementary TOF techniques for mass measurements can be employed at HIAF in
one experimental run. One is the well-developed Bρ-TOF [5] method with the beam-line
HFRS and another is the IMS method via the SRing with extra Bρ (or β) measurements
event by event.

For the Rare-RI Ring, the mass-to-charge ratio m1/q1 for the nucleus with unknown mass
could be deduced from the known mass m0/q0 with extra Bρ/β measurements expressed
as follows:

m1

q1
=

m0

q0

T1

T0

√√√√ 1 − β2
1

1 − ( T1
T0
)2β1

2 =
m0

q0

T1

T0

√√√√√ 1 − ( T0
T1
)2(

m0
q0

c(Bρ)0
−1
)2 + 1, (18)

where m is the mass of the ion, q is the charge of the ion, Bρ is the magnetic rigidity,
and B is the magnetic field of the ring. T0 and T1 are the revolution times of an ion with
a known mass, and the relativistic factor β = v/c denotes the particle velocity relative to
the velocity of light c. When a particle of interest with a mass-to-charge ratio m1/q1 has
the same momentum as that of a reference particle with a mass-to-charge ratio m0/q0,
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the flight path length of these particles become identical in the isochronous storage ring.
m1/q1 can be deduced from the ratio m0/q0 of the reference nucleus with the revolu-
tion time (T) and velocity (β)/momentum (Bρ) measurements of all ions. The parameter

K =

√
(1 − β2

1)/(1 − ( T1
T0
)2β1

2
) and P =

√
(1 − ( T0

T1
)2)/(m0

q0
c(Bρ)0

−1)
2
+ 1 are defined as

the velocity correction factor and momentum correction factor, respectively.
Based on the technique of IMS, the isochronous condition can only be fulfilled exactly

for one species of ion. The revolution times of the other kind of ions still depend on their
velocity or momentum. The non-isochronicity effect can be corrected with the velocity (un-
certainty ∼10−4) or momentum (uncertainty ∼10−4) of each ion determined in addition to
the revolution time (uncertainty ∼10−6). At the Rare-RI Ring, a new method is utilized: the
total TOF of an ion inside the ring is measured by the TOF detectors at its injection as a start
TOF (using a foil-MCP detector with low energy loss) and at the extraction part as the stop
TOF outside the ring. The velocity and momentum of the injected ions can be measured
before its injection by the foil-MCP detector at a dispersive plane with low energy loss and
small angular scattering of the ions to ensure the accuracy of velocity and momentum mea-
surements. The BigRIPS-OEDO-SHARAQ and the injection beam line of the Rare-RI Ring
is originally designed for the particle selection, high efficient transmission, and particle
identification of secondary ions from in-flight fission or projectile fragmentation reactions.
The possibility of employing the BigRIPS-OEDO or BigRIPS-OEDO-SHARAQ beam line
for mass measurements via the Bρ-TOF technique is highly motivated by its high resolution
at a dispersive focus (76 mm/% or 147 mm/%). TOF measurements at two achromatic foci
of the high-resolution beam line, along with additional Bρ corrections, enable the Bρ-TOF
method. This allows for mass measurements within the same experimental run, combined
with extended in-ring IMS mass measurements, utilizing Bρ/momentum and timing infor-
mation at one focal plane in two different approaches [35,38,103]. Foil-MCP detectors can
be versatile instruments which can be used on the beam line for two-dimensional position
measurements to reconstruct beam trajectory, and for beam-line momentum measurements
for velocity reconstruction. Meanwhile, it can be used for position monitoring and revolu-
tion time measurement turn by turn inside the storage ring, R3. Low energy loss and small
angular straggling of the detected incident ions are indispensable for reconstruction of the
velocity for in-ring mass deduction or momentum measurement with good accuracy and
high precision for Bρ-TOF mass measurements. High-resolution TOF measurement in ring
is not only significant for identification of nuclei with high resolving power but can also be
used for mass measurements directly. The fast low-energy-loss position-sensitive timing
detector described within this paper will be utilized both in-ring and on the beam line to
achieve higher performance mass measurements, simultaneously employing the Rare-RI
Ring in conjunction with the high-resolution beam lines BigRIPS-OEDO-SHARAQ by the
two complementary TOF Methods: IMS and Bρ-TOF.

5.3. The Position-Sensitive Detector Measures the Betatron Function and Dispersion Function in
the Ring

An example of the application of position-sensitive foil-MCP detectors within heavy-
ion storage rings is the measurement of the betatron function and dispersion function
within the ring [103]. The relative momentum deviation of the ion relative to the refer-
ence ion in a storage ring is as follows: δ = ∆P/P0 = (P − P0)/P0. The momentum
of a reference ion with an initial momentum of P0 relative to x0 can be expressed as fol-
lows: x(s) = xβ(s) + xδ(s). The transverse motion of a particle is the sum of betatron
motion (homogeneous part), xβ =

√
(εxβx)cos(φx + φ0), and a displacement because of

the momentum dispersion (inhomogeneous part), xδ = D(s)δ. As betatron motion is the
homogeneous part, the averaged position of the beam can be described as follows:

x = x0 + xβ + xδ(s) = x0 +
√
(εxβx)cos(φx + φ0) + D(s)δ, (19)
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where x0 is the center of the reference ion ( typically 0 mm).
Figure 5 displays the position-angle information (x,x′) of each turn of the 38K19+

ion as measured by the simulated position-sensitive probe in the ring with COSY and
MOCADI. Figure 5c shows data from a position-sensitive detector without energy loss
(such as a Schottky probe), while Figure 5d shows data from a position-sensitive detector
with energy loss (foil-MCP detector). Using the periodic dispersion data, the necessary
conditions for high-resolution mass measurements can be achieved. The curve shapes are
influenced by the betatron functions, allowing the Brho-value to be determined with an
accuracy better than 10−4. The function used to fit the betatron oscillation is as follows:
x = x0 + a · exp(−b · T) · sin(2π · (T − T0)/ω) + c · T, where x represents the position on
the foil, T is the measured turn number, and T0 is the phase shift of the betatron oscillation.
The fitting constant x0 accounts for the position on the detector foil due to the deviation
in Bρ of the particle. The parameter a denotes the amplitude of the betatron function, b
describes damping and scattering effects, c is determined by the energy loss in the detector
foil, and ω is the angular frequency of the betatron function. The reconstructed dispersion
function (Dx) can be accurately produced with a precision of approximately 10−4 from a
simulation study [103] of the foil-MCP detector position in the storage ring, as illustrated
in Figure 5b,d. Detailed simulations are summarized in [103] and will be made available
for open access in [118], including detailed applications, for the scientific community in
the future.

6. Discussion and Outlook

In this review, we outlined various types of foil-MCP detectors used in nuclear physics
facilities, including their operating principles, design, specifications, characteristics, test
method introduction using experimental results, and performance through simulations.
MCP detectors equipped with a thin foil for measuring SEs are efficient tools for high-
precision position and timing measurements. These detectors are versatile instruments
that can be used on the beam line for two-dimensional position measurements to recon-
struct beam trajectories for tuning, high-resolution particle identification (PID), beam-line
momentum measurements of heavy ions for velocity reconstruction, and beam-line TOF
measurements between two foci to ensure high-resolution PID and deduce the velocity of
each radioactive ion. Additionally, they can be used for position monitoring and revolution
time measurements turn by turn inside the storage rings for direct mass measurements,
in-ring Betatron function reconstruction, and dispersion function measurements. A new
scheme of mass measurement techniques, combining IMS and Bρ-TOF methods in a single
experimental setting using these detectors, has been summarized. Furthermore, the poten-
tial applications of these detectors in Penning trap and MR-TOF mass spectrometries for
efficiency enhancement, alignment, and resolving power improvement have been briefly
discussed. These promising new mass measurement methods as discussed in the article
could enable the measurement of the most exotic nuclei, approaching the drip lines far from
the valley of stability, which have been challenging to study due to their low production
rates. The high-accuracy and high-precision mass values will be significant inputs for
modeling explosive nucleosynthesis processes (such as r-, rp-, and νp-processes), helping
to illuminate the origin of elements and the evolution of stars in our universe. The en-
hanced efficiency and advanced capabilities of these detectors will pave the way for new
discoveries in nuclear physics, broadening the chart of nuclei.
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Appendix A. Electromagnetic Motion of Secondary Electrons

Appendix A.1. Electrostatic Mirror Detector

The electromagnetic force created by an electric field E⃗ and a magnetic field B⃗ on a
charged particle with charge q to bend and direct the SEs can be given as follows:

F⃗ = m⃗r̈ = E⃗q + qv⃗ × B⃗ (A1)

To achieve high timing and spatial resolution for the electrostatic mirror detector,
careful calculations of the relationships between the motion of SEs inside the detector
and potentials supplied for the plates of the detector are required. In order to perform
the calculations, the whole system, consisting of the conversion foil, accelerating grid,
the mirror grids, and the MCP detector is subdivided into three regions (see Figure 2a).
The first one extends from the accelerating grid to the inner mirror front side, which is
a field-free part. The second one is between the inner and outer mirror surfaces, where
a homogeneous electric field is assumed. The third region is from the front side of the
inner mirror to the MCP front, which is assumed to be field-free too. Three particles,
starting from the different points and in the same direction but with different energies,
are traced inside the system. As magnitudes of potentials of several kV are applied to
potential plates or grids to accelerate or bend the SEs, the whole system can be described
non-relativistically. The typical initial energy of SEs is several eV (most of them), and in
this section, we neglected the initial energy of SEs for calculation. After acceleration from
the foil to the accelerating grid as depicted in the upper panel of Figure 2a, SEs gain a
velocity of v0. At a certain time, when the velocity component parallel to the mirror of the
SE is decelerated to zero, and the electron reaches the maximal depth y inside the mirrors,
measured from the entrance mirror grid plane, the following holds:

y = cos α2D
Uacc

Umir
., (A2)

where Uacc and Umir are, respectively, the acceleration potentials between the conversion
foil and the accelerating grid, and the mirror deflection potential between the mirrors; D
is the distance of the mirrors; and α is the tilted angle of the mirrors. When escaping the
mirror, the electron gains velocity and continues freely drifting towards the MCP detector
through the field-free region. As demonstrated in Figure 1a, x and y are the parallel and
vertical path lengths of SEs in the mirror parts, and t is the shift of SEs along the Z-direction
inside the mirror, satisfying the equations:

x = 2D sin(2α)
Uacc

Umir
, (A3)

t = x sin α = 2D sin α sin(2α)
Uacc

Umir
. (A4)
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For the convenience of calculation and design, the α is set to be 45◦. When substituted
for α with 45◦, the following equations for x, y, and t are obtained:

x = 2D
Uacc

Umir
, y =

D
2

Uacc

Umir
, t =

√
2D

Uacc

Umir
. (A5)

In principle, based on Equation (A5) and the condition D ≥ y, it is obvious that the
electrostatic mirror will reflect the SEs to the MCP front only if the following condition
is satisfied:

Umir
Uacc

≥ 0.5. (A6)

From the above analytical calculation of the motion of SEs inside the detector, the
imaging position of the SEs induced by heavy ions from the foil onto the MCP front surface
and total TOF inside the detector can be determined by the acceleration potentials Uacc
and the mirror deflection potential Umir added to the detector potential plates. Therefore,
the position and timing information of the heavy ions when bombarding the foil can be
reproduced by detecting the position and timing of SEs at the MCP detector. A simulation
of the trajectory of SEs in the detector is shown in Figure 1a.

Appendix A.1.1. Isochronous Condition

To achieve high timing resolution, an isochronous condition [34,35,51] is considered.
The total time of flight of three parts: the foil to the inner mirror wires, bending path
between the inner and outer mirror wires, and free drift region from the inner mirror wires
to the MCP surface. The total TOF of the probed particles (initial velocity of SEs considered
to be v0δ) after exact solution of the equations of motion is given as follows:

T = T0 +

(
∓

L1 + L2 −
√

2D Umir
Uacc

v0
± 2mev0D sin α

e∆V

)
δ, (A7)

where L1 and L2, as shown in Figure 1, correspond to the length from the conversion foil
to the incident point of SEs at the inner mirror plate along the Z-direction, and the length
between the incident point of SEs at the inner mirror plate with the MCP front surface
along the Y-direction. To make the second term of the right part of Equation (A7) zero,
we obtain the isochronous condition in which the total TOF has no dependence on the
initial velocity variation of SEs: D/(L1 + L2) = 0.236 Umir

Uacc
. This relation enables us to

optimize the foil acceleration and mirror deflection potentials such that the SEs reach the
MCP isochronously.
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Figure A1. (a) shows the X, Y positions of the SEs deflected onto the MCP by the electrostatic detector
deduced from the collimated α source at position (30 mm, 0 mm) on a mask with a hole size of
∼0.5 mm in diameter, as a function of outer mirror potential while keeping the accelerating grid HV
of −6000 V. (b) displays the X, Y positions of the imaging of the same collimated hole as a function
of accelerating potential by keeping the ratio of potential of the deflection potential to accelerating
potential as a constant [36].
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Appendix A.1.2. Trajectory Confirmation of SEs by Experimental Data

The equation are demonstrated in Equation (A5) indicating that the position of the
Y-direction of the imaging as functions of the accelerating potential and deflection potential.
The X, Y direction position of the imaging by varying outer mirror HV and keeping the
accelerating potential at −6000 V are drawn at Figure A1a and the Y-direction motion of the
imaging is fit with yexp = P0/2 · Uacc

Umir
+ P1 (from Equation (A5)), where the parameters P0

represents the distance between mirror grids of 28 mm in design and P1 indicates the shift
of the SEs in the mirror along beam direction. Trajectory and mirror distance can be well
reproduced as shown in Figure A1a with the P0 value of 28.66 ± 0.84 mm and P1 value
of 52.31 ± 1.78 mm, which are very close to the designed value of 28 mm and 52.672 mm
(47.672 mm designed value and 5 mm shift in analysis code), respectively. Figure A1b
shows the imaging position of X and Y coordinates of the collimated hole (30 mm, 0 mm)
on DLD. As the ratio of the deflection potential to the accelerating potential is kept as a
constant of 0.778 and the X, Y directions of the imaging will be the same for all the settings
by varying the deflection and accelerating potential at the same time.

Appendix A.2. Electrostatic and Magnetic Fields Crossly Arranged Detector

Write Equation (A1) in the Cartesian linear coordinate system as a matrix as follows:

F⃗ = q


 Ex

Ey
Ez

+

 vxBz − vzBx
vzBx − vxBz
vxBy − vyBx

 (A8)

The trajectories of the SEs in this coordinate system under the action of the electro-
magnetic field force are shown in Figure 1. Ideally, the SEs generated by heavy-ion bom-
bardment on the surface of the conversion film (generally carbon film) are isochronously
transported from the conversion film to the MCP surface under the action of an orthogonal
uniform electromagnetic field.

As shown in the schematic diagram of the principle (see Figure 2c), the z-axis direction
is perpendicular to the surface of the conversion foil, and the ions move through the
conversion foil along the z-axis. The direction of the electric field and the direction of the
magnetic field are along the negative direction of the z-axis and the positive direction of the
y-axis, respectively. The distance between the center of the conversion foil and the center of
the MCP detector is denoted by D. The magnitude of the electric and magnetic fields can
be expressed in vector coordinates as follows:

E = (0, 0,−Ez), B = (0, By, 0). Then the formula (A8) can be reduced to the following:

Fx = qEx − vzBy, Fy = qEy, Fz = q(−Ez + vxBy) (A9)

The formula (A1) can be written as follows:

m
d2x
d2t

= −q
dz
dt

B, m
d2y
d2t

= 0, m
d2z
d2t

= q
dx
dt

B − qE (A10)

Let us assume that the initial position of an electron is (x(0), y(0), z(0)) and its initial
velocity (vx(0), vy(0), vz(0)), and by solving Equation (A10), we obtain the following:

x(t) = x(0)− vz(0)
ω

(1 − cos(ωt)) +
vx + E/B

ω
sin(ωt)− E

B
t (A11)

y(t) = y(0) + vy(0)t (A12)

z(t) = z(0) +
vx(0) + E/B

ω
(1 − cos(ωt)) +

vz(0)
ω

sin(ωt). (A13)

Here, ω = qB/m. Then, the transport time T required for the electrons to move from
the conversion foil to the surface of the MCP detector is as follows:

T = 2π
ω = 2πm

qB .
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The maximum position of the SE in the z-axis with respect to the MCP surface is
as follows:

z(T/2) = z(0) +
vx(0) + E/B

ω
(1 − cos(ω

π

ω
)) = z(0) + 2

vx(0) + E/B
ω

(A14)

Since the initial energy of the electron is very small, ignoring the influence of vx(0),
z(T/2) can be approximated as follows:

z(T/2) = z(0) +
E

Bω
(1 − cos(ω

π

ω
)) = z(0) +

2E
Bω

= z(0) +
2mE
qB2 (A15)

The maximum height h of the SE motion in the z-axis direction with respect to the
MCP surface is as follows:

h = z(T/2)− z(0) =
2E
Bω

=
2mE
qB2 (A16)

The distance D of the SE from the center of the conversion film in the x-direction to
the center of the surface of the MCP detector is as follows:

D = x(T)− x(0) =
E
B

2π

ω
=

2πmE
qB2 (A17)

The distance YT from the center of the conversion film to the center of the surface of the
MCP detector in the y-direction for a SE with an initial velocity of vy(0) in the y-direction
is as follows:

YT = y(T)− y(0) = vy(0)
2π

ω
= vy(0)

2πm
qB

(A18)

Normally, the initial energy of the SE is about a few eV, and the corresponding initial
velocity v(0) is about ∼108 cm/s. From the expression A17 of D, it can be seen that SEs
are transported to the MCP surface from the emission start point along the x-direction at a
fixed transport distance. The position along the y-direction depends on the magnitude of
the initial velocity vy(0) (∼several mm). Therefore, this detector can be used to measure
the precise position of the heavy ions in the transverse direction (x) when bombarding
the conversion film, and the position of the SEs focused to the surface of the MCP in the
x-direction does not depend on the initial velocity of the SEs. A simulation of the SE
trajectory of ions from three points to the MCP is shown in Figure 1e.

Since the center of the conversion film and the MCP detector surface is fixed, the elec-
tron transport time is related to the ratio E/B of the magnetic field to the electric field
strength. The velocity to the MCP is expressed by v = Dω, and the wobble of the electron
transport time can be estimated as follows:

δT =
v(0)

ω(E/B)
=

m
q

v(0)
E

= 2π(
m
q
)

v(0)
B2D

(A19)

Usually, the structure is designed so that δT ∼20 ps. In order to make the MCP detector
have a high detection efficiency, there must be enough energy before the SE is incident on
the MCP surface. Usually, there is a displacement difference between the surface of the
MCP and the surface of the conversion film (carbon film).

Appendix A.2.1. Electrostatic and Magnetic Fields Parallelly Arranged MCP Detector

The electromagnetic field of the MCP detector shown in Figure 2b is arranged in
parallel with the magnetic field, and this type of detector is commonly used for Bρ-TOF
mass measurement experiments in NSCL/MSU. The position at a dispersive focal plane of
the fragment separator is measured to obtain the momentum dispersion of the ions. High
potential is applied to the conversion foil and MCP to generate an electric field.
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The principle of the SE transport motion in the MCP detector with parallel electro-
magnetic fields is also shown in Figure 2b. A simulation of the SE transport motion from
three points on the foil is shown in Figure 1d. The initial emission angle of the SE emitted
from the conversion foil is θi (relative to the z-direction, see Figure 2b), the initial energy
is E0, the velocity is v, and the reverse of the electric field is E⃗. From the region with
an initial magnetic field strength Bi, the SE undergoes a spiral motion to a final region
with a magnetic field strength B f ; the angular frequency of the spiral motion is as follows:
ωi = eB/m, where e is the charge and m the mass of an electron. The orbital radius of the
spirally moving electron is as follows: ri = vsinθi/ωi. The orbital angular momentum of

the electron is as follows: li =
m2v2sin2θi

eωi
.

In this arrangement of the electromagnetic fields, the motion of electrons is an adiabatic
process and angular momentum is a conserved quantity (adiabatic invariance):

sinθi
sinθi

= (
Bi
B f

)1/2 (A20)

Under adiabatic invariance, the total velocity v of the electron is constant, and the longi-
tudinal component of the velocity can be expressed as follows: v f = v[1 − (B f /Bi)sin2θi]

1/2.
It can be seen that the transverse energy of the electron motion is converted to the

longitudinal direction, and the smaller the B f /Bi, the smaller the transverse motion speed
of the electron. We obtain the following:

r f

ri
= (Bi/B f )

1/2 (A21)

It can be seen that the offset of the electron motion to the surface of the MCP relative
to the z-axis is proportional to M, which is the linear amplification factor of the transverse
circular motion of the electron around the center:

M = (Bi/B f )
1/2 (A22)

Equation (A20) and Equation (A22) hold only when the adiabatic limit condition
(relative to the total field strength, the change in the field strength acting on the electrons is
negligible) is satisfied. The varying field strength at this adiabatic limit is often referred
to as the adiabatic parameter χ. The offset of electrons moving in a magnetic field with a
longitudinal angle θz relative to the z-axis is ∆zptich: ∆zptich = 2πmvz

ω = 2πmvcosθz
eBz

.
The change in field strength along the z-direction can be expressed as follows: ∆Bz =

dBz
dz ∆zptich, and χ can be expressed as follows:

χ = lim
θz→0

|∆Bz

Bz
| = 2πmv

eBz
|dBz

dz
| (A23)

where dBz
dz is the rate of the change in the magnetic field along the z-direction, and in order

to meet the adiabatic condition, χ < 1 should be as close to 0 as possible.
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