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Abstract: A new type of radio frequency (RF) timing technique is presented. It is based on a helical
deflector, which performs circular or elliptical sweeps of photo- or secondary electrons, accelerated to
keV energies, by means of RF fields in the 500–1000 MHz range. By converting a time distribution
of the electrons to a hit position distribution on a circle or ellipse, this device achieves extremely
precise timing, similar to streak cameras. Detection of the scanned electrons, using a position sensitive
detector based on microchannel plates and a delay line anode, resulted in a timing resolution of 10 ps,
which can be potentially improved to 1 ps. RF-Timer-based single photon and heavy ion detectors
have potential applications in different fields of science and industry, which include high energy
nuclear physics and imaging technologies. This technique could play a crucial role in developing
of sub 10 ps Time-of-Flight Positron Emission Tomography.
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1 Introduction

High precision measurement of time is essential in many fields of science and technology. The recently
developed timing processor, the Radio Frequency Timer (RFT) [1], and RFT developments such
as a photon sensor (the Radio Frequency Photo-Multiplier Tube, RFPMT) and a Fission Fragment
Detector (FFD), can achieve ps resolution for single particle detection at MHz rates. They have
potential applications in different fields of science and industry, which include high energy nuclear
physics and imaging technologies [1, 2].

At present, the detection of optical signals, down to the single-photon level, may be carried out
with Avalanche Photodiodes (APD), vacuum Photomultiplier Tubes (PMT), Hybrid Photon Detectors
(HPD) and Superconducting Nanowire Single-Photon Detectors (SNSPD). The time resolution limit
of current APD, PMT or HPD for single photon detection is about 100 ps full width at half maximum
(FWHM), while SNSPD devices have recently reached below 5 ps [3]. The dead time of these devices
is typically a few tens of ns. By comparison the RFT, after some optimization and with a multi
pixel anode, will offer around 1 ps resolution and a dead time of a few ps. With fast readout from an
appropriate pixelated anode, the RFPMT could achieve 100 MHz and higher detection rates.

2 The RF Timer

The experimental test setup of the RF Timer is schematically shown in figure 1. It consists of an
RF synchronized light source, a photocathode, an accelerating electrode, a permanent magnet, an
electrostatic lens, an RF deflector, a Microchannel Plate (MCP) based position sensitive single electron
detector (PSD), pulse processing electronics, an RF generator, a data acquisition system and a vacuum
system. The RF Timer is operated in a vacuum under 10−6 Torr.

UV photons (3) from a diode or pulsed laser enter the tube through a quartz window (2) after
deflection from a mirror (1) and are incident on a tantalum photocathode (8). Photoelectrons (PE)
produced in the cathode are accelerated by a voltage V ∼ 2.5 kV applied between the cathode and
an accelerating electrode (7) and then deflected through 90 deg. by a permanent magnet (4). They
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Figure 1. Schematic of the RF Timer test setup. 1 – mirror; 2 – quartz window; 3 – photons; 4 – magnet; 5
– collimator; 6 – photoelectron; 7 – accelerating electrode; 8 – photocathode; 9 – electrostatic lens; 10 – RF
deflector; 11 – MCPs; 12 – delay line anode.

pass through a collimator (5) and enter into an electrostatic lens (9), which focuses the electrons on
to the center of the PSD. This consisted of an MCP system, where the electrons are multiplied by a
factor of 106, (11) and a DLD40 [4] delay-line (DL) anode (12), producing position-sensitive signals
with rise times of a few ns. On their way to the PSD, the electrons pass through a helical RF deflector
(10) based on half period helical electrodes and a 500–1000 MHz RF source [5]. Pulses are analyzed
by the data acquisition system consisting of a digital scope (such as SAMPIC [6] or Picoscope [7])
and a PC. In this configuration the RFT effectively operates as a Radio Frequency Photomultiplier
Tube (RFPMT) [8], capable of timing the arrival of single photons.

The timing resolution of the prototype RFPMT has been measured at the CANDLE, AREAL
laser facility [9] which provided 258 nm (4.8 eV) photon bunches (0.45 ps FWHM) phase locked to a
500 MHz oscillator, at a repetition rate of 100 Hz. These bunches were directed to the tantalum disc
cathode and the 500 MHz AREAL master oscillator was used to power the RF deflector and therefore
provided a time reference. Electrons, produced by the incident photon pulses of the laser, are circularly
scanned on to the DL anode, giving X and Y coordinates. A transform to polar coordinates yields the
radius R and phase 𝜑, which is proportional to time (the 2𝜋 period corresponds to 1/500 MHz = 2 ns).
As the laser pulse length is short, all photoelectrons effectively have the same phase and a spot on the
scanning circle is obtained. The spread in phase of these points represents the overall time resolution
of the system, which includes factors related to the laser, the laser and RF oscillator synchronization
device and the intrinsic time resolution of the RFPMT.

Results with four different fixed phases are displayed in figure 2, where the equivalent time differ-
ence between these phases is about 100 ps. The point in the center of figure 2 (left) is a 2D image of the
2.5 keV electrons, obtained when the RF is OFF. The circle is an image of the scanned electrons, when
the 500 MHz RF is ON, but not synchronized with the laser and the color spots on the circle correspond to
phase distributions of RF-synchronized photoelectrons for the four different fixed phases. The 1D distri-
butions of these phases are shown in figure 2 (middle) and demonstrate that the time resolution is∼10 ps.

An analysis of the various factors which contribute to the time resolution of the RFPMT has iden-
tified chromatic aberration, due to the emitted PE’s initial energy spread Δ𝜀, as the largest contributor.
The electrons’ transit time spread for Δ𝜀 = 0.7 eV, simulated using the SIMION software package
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Figure 2. Left: 2D images of anode hit positions. Middle: distributions of phases. Right: timing stability

measurement.

amounts to ∼8 ps. The other significant contribution comes from the intrinsic size of the electron beam

spot (or the position resolution of the DL anode), which, taking into account the RF period and the

radius of the scanned circle, results in ∼6.5 ps uncertainty. In quadrature, these contributions amount to

10.3 ps, which is in good agreement with the results shown in figure 2 (middle). The simulations also

show, that after some optimizations, the time resolution of the RFPMT can be improved to 1 ps or better.

The time stability was investigated in a series of measurements at a fixed phase, carried out

at ∼10 min intervals. The mean values of the sequentially measured phase distributions are shown

in figure 2 (right), demonstrating that the time stability of the RF PMT over a period of ∼1 hour

is about 0.5 ps, FWHM.

• • ••

•

•

Figure 3. Scanned thermo-electrons image from the RF Timer with two frequencies: 500 MHz and 550 MHz.

At 500 MHz RF frequency the period of pico-time measurement (the dynamic range) is 2 ns.

This period can be extended by using 2 helical deflectors or one deflector, powered at two slightly

different frequencies. The beat in amplitude from the superimposed frequencies results in “spiral

scanning” and offers periods of some tens of ns [10]. Preliminary studies were carried out using a

test setup similar to the one described above, with a continuous beam of thermo-electrons emitted

from the tantalum disc cathode. The image resulting from scanning the thermo-electrons at two

frequencies, 500 MHz and 550 MHz, is shown in figure 3. Those two frequencies come from the

same 50 MHz master oscillator as its 10th and 11th multiples.
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However more complicated scanning patterns require a more sophisticated PSD and developments
employing TimePix4 [11] are being investigated.

3 RFT and RFPMT: applications in nuclear physics

High precision measurements of the binding energies of light hypernuclei, with an uncertainty of
∼0.01 MeV, are needed to discriminate between various theoretical models [12–14]. In 2007 the
use of magnetic spectrometers to precisely measure the momenta of pions from weak two-body
decays of electroproduced hyperfragments was proposed for Jefferson Lab [15, 16]. A similar
experimental program was started at the electron microtron in Mainz (MAMI) [17–20], where the
first high resolution pion spectroscopy from decays of strange systems was performed by electron
scattering off a 9Be target [18–20]. The pion momentum distribution shows a monochromatic peak
at p ≈ 133 MeV/c, corresponding to the unique signature for the two-body decay of hyper hydrogen
4
Λ
H → 4He + 𝜋−, where the 4

Λ
H stopped inside the target. Its binding energy was determined to

be 2.12±0.01(stat.)±0.09(sys.) MeV with respect to the 3H + Λ mass. The systematic error was
attributed to the uncertainty in the absolute calibration of the magnetic spectrometer. Recently,
we proposed a new method for absolute momentum calibration of magnetic spectrometers used
in nuclear physics, using the Time-of-Flight (TOF) differences of pairs of particles with different
masses. A Cherenkov detector, read out by a RFPMT, was considered as the high-resolution and
highly stable TOF detector. By means of Monte Carlo simulations it was demonstrated that the
magnetic spectrometers at the MAMI electron-scattering facility can be calibrated absolutely with an
accuracy 𝛿𝑝/𝑝 ≤ 10−4, which will be crucial for high precision determination of binding energies
of the Λ particle in the nuclear ground state [21].

The RFPMT based Cherenkov detectors, with ∼10 ps time resolution, allow the realization of
a new type nuclear spectroscopy, “delayed-pion” spectroscopy [22] at modern electron accelerators.
This will increase the decay pion statistics by about two orders of magnitude compared to experiments
proposed at Jefferson Lab or carried out at MAMI. In addition, by measuring lifetimes of the low-lying
states and by applying the “tagged-weak 𝜋-method” [23], electromagnetic rates of hypernuclear states
with lifetimes down to 10−11 s could be investigated. This is a further new avenue for hypernuclear
studies at RF driven electron, photon and proton beams.

The strength of weak interactions can be determined by precisely measuring the lifetimes of
Λ-hypernuclei. The Λ hypernuclear lifetime is expected to reach a constant value (saturation) when
medium to heavy hypernuclear masses are reached [24–27]. The dominant two-body channels for this
decay include both proton (Λp→np) and neutron stimulated (Λn→nn) weak interactions, but there are
also a smaller contributions from the three body channel, i.e. ΛNN→nNN(+176 MeV), in which the Λ
particle interacts with a correlated nucleon pair. One would also expect that there is a limit on the
nucleon pairs accessible by the Λ particle due to its limited interaction range. Therefore, the lifetime
is expected to “saturate” in heavier hypernuclei. The two most recent theory calculations [26, 27]
predict the saturation at around 190 ps and 220 ps respectively. However, it has been difficult to verify
this behavior in experimental studies ([28] and refences therein). A measurement of the lifetime to a
precision of a few percent will guide and constrain the theoretical input, leading to a more precise
determination of the hyperon-nucleon weak interaction.

Fission isomers or shape isomers are nuclear isomers with strongly suppressed de-excitation to the
ground state. In general, these states either de-excite to the ground state far more slowly than a “usual”
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excited state, or they undergo spontaneous fission with a half-life in the range from few picoseconds to
milliseconds. The study of these isomers offers the unique possibility to test our current understanding
of nuclear structure at very large deformation. The current knowledge of lifetimes of fission isomers are
very limited in the sub nanosecond region. Out of more than 40 fission isomers only a few are known
in the picosecond range ([29] and references therein). Most of such measurements were performed
via indirect time measurement. New precise direct measurement of lifetimes in the ps-ns region may
provide currently missing data for testing existing theory and developing new nuclear models.

Figure 4. Schematic of RF FFD. 1 - beam window; 2 - target, 3 - accelerating electrode, 4 - magnet,
5 - collimator, 6 - electrostatic lens, 7 - RF deflector, 8 - MCP based PSD, 9 - readout electronics.

The RF Timer based Fission Fragment Detector (RF FFD) has been developed, built and is
currently being tested. The principle of operation of the RF FFD is schematically shown in figure 4.
The primary, RF driven short bunches of electrons, photons or protons hit the target and produce
secondary electrons (SE) and reaction products, e.g., prompt, or delayed fission fragments (FF). The
FF exiting from the target also produce a few tens of SEs. These electrons are registered by means of
the RF Timer. The detection of the fragments in the detectors’ two symmetrical arms with ∼10 ps time
coincidence resolution will minimize the possible events from background processes and dark noise in
the MCP detectors. The high time resolution of RF FFD (∼10 ps) allows separation of prompt and
delayed events. This detector would be, in particular, very well suited for direct precise measurements
of the hypernuclear and fission isomers lifetimes at RF driven electron, photon and proton beams.

4 RFPMT: applications in imaging technologies

4.1 Time-of-Flight Positron-Emission-Tomography

Time-of-Flight positron emission tomography (TOF PET) is a powerful technique used in medicine
and medical research to image molecular processes in vivo. The best modern commercial systems
can provide a coincidence time resolution (CTR) of about 210 ps [30], but the breakthrough in
performance is expected when a CTR of 10 ps is achieved [31]. This will increase effective PET
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sensitivity, as compared to the current state-of-the-art, at least a factor of 16, with the following
expected consequences:

– Reduction of the radiation doses of molecular imaging procedures to negligibly low levels;

– Reduction of the synthesized quantity of radiopharmaceutical needed for each examination, and
thus of the relatively high cost currently associated with in-vivo molecular imaging procedures;

– Further extension of the benefit of molecular imaging procedures beyond oncology towards
cardiovascular, neurological, metabolic, inflammatory, infectious or metabolic disease (such as
diabetes), especially in the pediatric, neonatal, and prenatal contexts;

– Maximizing the spatial and temporal resolution of PET based molecular imaging;

– Providing precise dynamic studies of molecular processes of high interest in pharmacology for
screening and selecting candidate molecules for the next generation of drugs or new applications
thereof;

– Potentially providing further extension of molecular in-vivo imaging to study “systems biology”
of the whole human body through whole-body imaging systems;

– Eliminating the need for full angular coverage of the patient, opening many new opportunities
for PET system design.

The RFPMT is an excellent candidate to achieve such performance when combined with a
Cherenkov radiator such as crystalline PbF2 [32, 33] or TMBi liquid [34]. High resolution could also
be achieved by using fast scintillator and an RFPMT with a spiral scanning system and pixelated
anode [35].

4.2 Time-of-Flight Diffuse-Optical-Tomography

Optical techniques have particular therapeutic potential in the medical field, because visible and
infrared (IR) light is, unlike x rays, non-ionizing. Moreover, different types of tissues interact differently
with visible light. One of the most useful features is the difference in the absorption coefficient at
700 nm of oxidized and non-oxidized hemoglobin, which can be utilized not only in identifying an
activated metabolism but also in tumor detection [36, 37]. In addition, the scattering coefficient
depends sensitively on the cells’ organelles, such as the nucleus and mitochondria. Therefore,
visible, and near-IR light is extremely useful for diagnosing different anomalies in biological tissue.
Optical imaging in general and optical mammography are therefore among the holy grails of clinical
imaging [38]. It has recently been shown that spatially resolved TOF information of the photons
transmitted through semi-opaque tissue, analyzed with an advanced computational imaging technique,
can detect hidden objects at cm depths with a resolution of a few mm. This can be improved by
increasing both the spatial and temporal resolution of the detected photons [39, 40]. Time Correlated
Single Photon Counting (TCSPC), employing multiple RFPMTs to detect the scattered photons at
different positions and angles, then gives measurements of the time distributions of photons after
they leave the sample via different propagation paths.

– 6 –



2
0
2
4
 
J
I
N
S
T
 
1
9
 
C
0
2
0
1
4

5 Summary

The new RF Timing technique, capable of providing picosecond resolution at MHz counting rates,
is described. It is based on a helical deflector, which performs circular or elliptical sweeps of keV
electrons by means of a radio frequency electromagnetic field lying in the 500–1000 MHz range. By
converting the time of arrival of incident electrons to a hit position on a circle or ellipse, the RF
Timer has demonstrated a timing resolution of 10 ps. This is mainly due to the technical parameters
of the prototype tube and can certainly be improved. The RF Timer based single photon and fission
fragment detectors are planned to be employed in nuclear studies as well as in imaging technologies.
Applications in hypernuclear and shape isomer studies, as well as in TOF-PET, TOF-DOT are outlined.
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