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Abstract: The PICOSEC Micromegas (MM) detector is a precise timing gaseous detector based on
a MM detector operating in a two-stage amplification mode and a Cherenkov radiator. Prototypes
equipped with cesium iodide (CsI) photocathodes have shown promising time resolutions as precise as
24 picoseconds (ps) for Minimum Ionizing Particles. However, due to the high hygroscopicity and
susceptibility to ion bombardment of the CsI photocathodes, alternative photocathode materials are
needed to improve the robustness of PICOSEC MM. Diamond-like Carbon (DLC) film have been
introduced as a novel robust photocathode material, which have shown promising results. A batch of
DLC photocathodes with different thicknesses were produced and evaluated using ultraviolet light.
The quantum efficiency measurements indicate that the optimized thickness of the DLC photocathode
is approximately 3 nm. Furthermore, DLC photocathodes show good resistance to ion bombardment
in aging test compared to the CsI photocathode. Finally, a PICOSEC MM prototype equipped with
DLC photocathodes was tested in muon beams. A time resolution of around 42 ps with a detection
efficiency of 97% for 150 GeV/c muons were obtained. These results indicate the great potential
of DLC as a photocathode for the PICOSEC MM detector.

Keywords: Micropattern gaseous detectors (MSGC, GEM, THGEM, RETHGEM, MHSP,
MICROPIC, MICROMEGAS, InGrid, etc); Photocathodes and their production; Timing detectors
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1 Introduction

The development of a new generation of particle detectors with precise timing performance has
been driven by the challenging environments of future High Energy Physics experiments, including
severe pile-up effects in the upgraded High Luminosity Large Hadron Collider. Time resolution
on the order of tens of picoseconds (ps), as well as high granularity, long-term stability, robustness
and large area coverage [1, 2], are required. The study of detectors based on micro-pattern gaseous
detectors (MPGDs) provide potential solutions since the advantages of MPGDs, including high-rate
capability, radiation resistance and the ability to cover large area at low cost. MPGDs with precise
timing performance have a wide range of applications, such as time-of-flight measurement, particle
identification and suppression of pile-up effects in high luminosity environments [3, 4].

A concept based on a two-stage Micromegas (MM) structure and Cherenkov radiation detection,
called PICOSEC Micromegas (PICOSEC MM), was proposed in 2015 [5]. Figure 1(a) illustrates
the detector concept. A Cherenkov radiator (3 mm MgF2) coated with a photocathode, consisting of
18 nm Cesium Iodide (CsI) and 3.3 nm metallic base, is coupled to the MM. Ultraviolet (UV) photons
are generated when a charged particle passes through the radiator, and then the photoelectrons (PEs)
are simultaneously extracted from the photocathode. Due to the high electric field applied between the
photocathode and the mesh, the PEs are first multiplied in the pre-amplification gap. Then, a portion
of the avalanche electrons can pass through the mesh and are further amplified in the amplification gap.
The working gas used by this detector is a gas mixture of 80% Ne, 10% C2H6, 10% CF4. A lot of studies,
including modeling and fabrication of prototypes, have been conducted within the PICOSEC MM col-
laboration [5–7]. For the prototype with CsI photocathodes, a time resolution of 24 ps at a mean yield of

– 1 –
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Charged particle

Cherenkov Radiator
(3 mm MgF2)

Photocathode
(3.3 nm Cr + 18 nm CsI)

Mesh

Anode

Pre-amplification gap
100~200 μm

Amplification gap
~100 μm

(a)

pillar

cracks

mesh imprint

(b)

Figure 1. Schematic view of PICOSEC MM detector concept (a). The microscopic image of CsI photocathode
after beam test (b).

10.4 PEs has been obtained for 150 GeV/c muon beams at the CERN SPS H4 secondary line [6]. How-
ever, due to the high electric field in the pre-amplification gap, substantial feedback ions bombard the CsI
photocathode, causing an aging problem [8]. Figure 1(b) shows the microscopic image of the CsI photo-
cathode after a beam test. It is noticeable that there is a mesh projection due to ion impacts, along with
the presence of circular area attributed to the pillars of MM. The performance degeneration in another
aspect is the cracks on the CsI layer caused by the sparks occurring within the gap. Additionally, a dry
environment is required for storage and operation due to its hygroscopic and deliquescent nature [9, 10].

To ensure the long-term operation of the PICOSEC MM, alternative photocathodes with chemical
stability, resistance to ion bombardment, and suitable quantum efficiency (QE) are needed. Diamond
films can be employed for the detection of UV photons with reasonable sensitivity, without significant
problems of aging and radiation damage [11]. However, the production of diamond films has several
limitations such as high temperature requirements and small area. Diamond-like Carbon (DLC) is
a kind of novel resistive material with metastable amorphous structures containing both diamond-
structure and graphite-structure carbon atoms [12], as shown in figure 2. It has excellent electrical

Figure 2. The atom structure of DLC, which contains both sp3 (diamond-structure) and sp2 (graphite-
structure) [15].

– 2 –
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properties, suitable sensitivity, chemical stability and thermal stability. DLC films have been studied for
the photocathode applications such as electron guns [13, 14]. Based on this, we proposed DLC as the
photocathode material for PICOSEC MM. In this paper, we present the study of the DLC photocathode.
The magnetron sputtering technology used to fabricate the DLC photocathode is described in section 2.
Subsequently, the UV light was used to characterise the QE performance and aging effect of DLC
phtotcathodes, as shown in section 3 and section 4. Then, section 5 shows the beam tests of a PICOSEC
MM prototype equipped with DLC photocathodes. The last section is a summary drawn from this paper.

2 Production of DLC photocathode

The magnetron sputtering technology [16] is an effective method for DLC deposition at low temperature.
It provides a deposition process with good reproducibility and controllability, ensuring accuracy for
the thickness and uniformity of the DLC film. The DLC film is directly deposited onto the surface
of a MgF2 crystal to form the DLC photocathode. A schematic diagram of the deposition process
is illustrated in figure 3. Several permanent magnets are arranged on the back side of a graphite
target to produce closed magnetic field lines around the surface of the target. Before commencing
the deposition process, the sputtering chamber is evacuated to the preset vacuum level, afterward
argon is filled into the chamber. As the bias voltage between the substrate and the target ramps up,
glow discharges occur and produce primary electrons. These primary electrons are accelerated by
the electric field and ionize the argon molecules into ions and secondary electrons. The argon ions
are accelerated in the field, then bombard the target and sputter out a number of carbon atoms or
clusters. These sputtered carbon atoms or clusters are then deposited onto the surface of the substrate,
forming a thin film. The secondary electrons are bounded inside the plasma region near the target
surface by the Lorentz force of the magnetic field. Continuously ionizing the argon molecules, they
producing argon ions that further bombard the target.

𝐴𝑟+

𝑒−

𝐴𝑟

𝐴𝑟

𝑇𝑎𝑟𝑔𝑒𝑡
𝑎𝑡𝑜𝑚𝑠

𝐴𝑟+

Permanent magnet

Carbon target

Substrate

N NS

Argon

Figure 3. Schematic diagram of DLC deposition by the magnetron sputtering technology.

The coating machine we used is Teer650 (Teer Coating Ltd) at Lanzhou Institute of Chemical
Physics. During the coating process, the MgF2 crystal is fixed in the aluminum holders before being po-
sitioned within the chamber, as shown in figure 4(a). The coating vacuum is maintained at a level better
than 1×10−6 Torr. A series of DLC photocathodes with the film thicknesses varying from 1 nm to 10 nm
were produced by adjusting the deposition time while keeping other conditions constant. As shown in fig-
ure 4(b), the DLC film, which is marked with four black dots, is deposited on a 3 mm thick MgF2 crystal.

– 3 –
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(a) (b)

Figure 4. MgF2 crystals are fixed in the coating chamber (a) and a sample of DLC photocathode (b).

(a) (b)

Figure 5. Schematic diagram of the two steps of QE measurement.

3 QE measurement

A vacuum ultraviolet (VUV) QE measurement setup (ASSET) was developed by the Gaseous Detectors
Development Group (GDD) at CERN. The QE measurement in the transmissive model of this setup
was used to characterise DLC photocathodes. Various photocathodes with different thicknesses were
measured to obtain the optimized parameters.

3.1 Setup

In ASSET setup, a VUV monochromator (McPherson 234/302) is used to select the wavelength of the
UV photons produced by a deuterium lamp with an accuracy of 0.1 nm. The UV photons are split into
two beams by a beam splitter. One of them irradiates on a photomultiplier tube (ET-enterprises 9403B)
(PMT1), while the other one enters a measurement chamber and directly irradiates on another PMT
(PMT2) or passes through the sample to be measured. An overview of the ASSET setup is shown in [17].

Figure 5 illustrates the two steps involved in the QE measurement using ASSET. As a first step,
two PMTs are used to measure the intensity of two beams without photocathode in the light path at a

– 4 –
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(a) (b)

Figure 6. Pictures of the photocathode holder (a) and wire electrode (b) of the ASSET setup.

given wavelength. Picoammeters (Keithley model 6482) are used to measure the current from the two
PMTs, current 𝐼ref0 from PMT1 and 𝐼abs0 from PMT2 are recorded. Then, in the second step, a holder
containing the photocathode and wire electrode, as shown in figure 6, is placed in the light path in
front of the PMT2 within the measurement chamber. A suitable voltage is applied to the wire electrode
to establish an electric field between the wire electrode and the photocathode for PEs emission and
collection. During this step, a picoammeter connected to the DLC film measures the photocurrent (𝐼pe)
generated by the PEs emissions when the UV photons pass through the MgF2 crystal and irradiate on
the DLC film. The number of photoelectrons (𝑁𝑒) emitted per second is calculated by dividing 𝐼pe by
the charge of electron. At the same time, the current (𝐼ref1) generated from PMT1 is recorded. The
QE of the DLC photocathode can be obtained using the following formula:

𝑄𝐸 =
𝑁𝑒

𝑁𝑝

=

𝐼pe
𝑒

𝐴 × 𝐼ref1 × 𝐼abs0
𝐼ref0

(3.1)

Where 𝑁𝑝 is the number of photons per second, 𝑒 is the charge of electron and 𝐴 is the response
coefficient of PMT1 to UV photons. In this case, the QE results contain the effects of MgF2 crystal.

3.2 Results

In this measurement, DLC photocathodes with different thicknesses were measured and the relative QE
were compared. The QE results are shown in figure 7, which corresponding to 3 nm, 5 nm, 7.5 nm and
10 nm, respectively. All of the results are normalized by using the QE value for the DLC photocathode
of 10 nm that measured at the wavelength of 130 nm. The results indicate that the optimized thickness
of the DLC photocathode is 3 nm and the QE value is the highest under 130 nm UV photons irradiation.
Besides, attempts were made to produce and measure a thinner layer (about 1 nm) to further enhance
the performance. However, both the production and QE measurements were not reliable, and the
thinner layer was found lacked sufficient resistance for storage and operation.

– 5 –
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Figure 7. Normalized QE performance of different DLC photocathodes.

4 Aging test

Since the voltage of pre-amplification gap in the PICOSEC MM is high, the ratio of ions feedback to
the position of photocathode is non-negligible. To verify the resistance of the DLC photocathode to
ion bombardment, an aging test with a high intensity laser was carried out. A single channel PICOSEC
MM prototype was developed, in which the photocathode was installed for the aging test.

4.1 Detector prototype

Figure 8(a) shows an exploded view of the single channel PICOSEC MM prototype. It consists of the
endcap printed circuit board (PCB), the sensitive part, the gas chamber and the quartz window, as well as
screws and gas accessories. The sensitive part is fixed inside the gas chamber and its three electrode of
photocathode, mesh and anode are connected to the endcap PCB through three pogo pins, respectively.
The main components of the sensitive part are bulk MM sensor, support rings, photocathode and
inserts, as shown in figure 8(b). The bulk MM with a typical amplification gap of 128 µm is employed
for electron multiplication and signal readout [18]. Its effective area is 1 cm in diameter. The support
rings are used to form a 200 µm pre-amplification gap between the photocathode and the mesh.

Endcap PCB

WindowGas chamber

Sensitive part

Pogo pins
Valve

(a)

DLC photocathode

Support rings

Bulk Micromegas Insert

Insert

(b)

Figure 8. Exploded view of the single channel PICOSEC MM prototype (a) and the sensitive part of detector (b).
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4.2 Setup

The test setup is shown in figure 9. A pulsed laser (Passat Lat. Compiler-213) was used to provide laser
with a wavelength of 213 nm. The laser beam is split into two beams. One beam line is recorded by a
laser energy meter (COHERENT PM10) which is used to monitor the stability of the laser intensity.
The other beam line is sent to the prototype. Positive voltage is applied to the anode and mesh
electrode, while the photocathode is maintained at 0 V and connected to a picoammeter (Keithley model
6487). The voltage of the pre-amplification gap and the amplification gap are set to 420 V and 300 V,
respectively. The prototype maintains a constant gain by keeping the voltage and other parameters fixed.

Passat, Lat.
Compiler-213 Laser

Attenuator

PICOSEC Micromegas

Laser Energy 
Meter

Splitter

Computer

Laser Energy 
Sensor

Picoammeters
(Keithley 6487)

5%

95%

(a)

5%

95%

(b)

Figure 9. Schematic diagram (a) and picture (b) of aging test setup.

In the test, when the prototype is exposed to the laser, the photocathode promptly responds by
emitting primary PEs, a direct consequence of the photoelectric effect. These PEs are then further
ionized and multiplied in the gas gap, while the ions generated during the ionization process feedback
to the position of photocathode and bombard the photocathode film. With the continuous irradiation
of laser, the current of feedback ions 𝐼 (𝑡) from the photocathode and the laser intensity 𝑃(𝑡) were
simultaneously recorded by the picoammeter and the laser energy meter. Since the gas gain remains
unchanged, the normalized current 𝐼 (𝑡)/𝑃(𝑡) can be used as an indicator of the photocathode’s QE
performance. Additionally, the number of charges accumulated on the photocathode can be obtained
by integrating the current 𝐼 (𝑡). The visible degeneration area of the CsI photocathode after aging test
was investigated under a microscope, and an irradiated area of approximately 0.06 cm2 was obtained.
This area differs from the one indicated in the manual, which is a circle with a diameter of 2.5 mm,
due to the distortion caused by the laser passing through the optics and the window of the prototype.

4.3 Results

The test results are shown in figure 10, where the x-axis represents the accumulated charge on the
photocathode, and the y-axis shows the normalized QE performance of the photocathode. The three
curves in figure 10 correspond to one CsI photocathode and two DLC photocathodes, with thicknesses
of 18 nm (black curve), 3 nm (blue curve) and 5 nm (red curve), respectively. For each curve, the first
data point is normalized to 1. As can be seen from the plot, the performance of the CsI photocathode
declines rapidly to around 30% after being bombarded by ions of around 10 mC/cm2. In contrast, the
DLC photocathodes maintain stable QE performance after a slight deterioration. When the accumulated
ions on the DLC photocathodes reach tens of mC/cm2, or even exceed 100 mC/cm2, their performance

– 7 –
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degradation is less than 20%. Furthermore, the damaged region of the CsI photocathode after aging
can be clearly seen under microscopic examination, which corresponds to the laser irradiation area,
but it is very difficult to find marks on the DLC photocathodes when they are bombarded with even
more feedback ions. These results indicate that the PICOSEC MM detector with DLC photocathodes
can operate longer with stable performance compared to one with a CsI photocathode.

)2Accumulated Charge (mC/cm
1−10 1 10 210
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m
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0.2
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0.7
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0.9

1

1.1

18 nm CsI photocathode

3 nm DLC photocathode

5 nm DLC photocathode

Figure 10. Dependence of the normalized QE performance on the accumulated charges for different
photocathodes.

5 Beam test

Besides the QE measurement and aging test, we have performed tests on the PICOSEC MM prototype
equipped with DLC photocathodes in muon beams. These beam tests allowed us to evaluate the
performance of DLC photocathodes in a near-application environment.

5.1 Setup

Beam tests for the PICOSEC MM prototype were carried out at the CERN SPS H4 secondary line.
150 GeV/c muon beams were used to measure the performance of the PICOSEC MM prototype
equipped with different DLC photocathodes. The beam test setup is shown in figure 11. It consists of
a trigger system, a GEM tracker, time reference detectors and several positions for the PICOSEC MM
prototypes. Different shaped scintillators are used to select the particle beam in a specific region and
trigger the data acquisition system. Three triple-GEMs are used to provide precise tracking information
of muons, and two multiple micro-channel plate photomultiplier tubes (MCP-PMT, model Hamamatsu
R3809U-50) are employed as the time reference detectors which providing a time resolution of better
than 6 ps [19]. The active area of the MCP-PMT is 11 mm in diameter, which is aligned with the anode
electrode of the PICOSEC MM prototype, as well as the triggered region. In the data acquisition
system, the signals of both the PICOSEC MM prototype and the MCP-PMs are recorded with an
oscilloscope (20 Gsps and 4 GHz bandwidth). More details of the beam setup is shown in [20].

– 8 –



2
0
2
4
 
J
I
N
S
T
 
1
9
 
P
0
8
0
1
0

(a)

MCP-PMTsGEMs

PICOSEC Micromegas prototypes

(b)

Figure 11. Schematic (a) and picture (b) of the beam test setup.

In the beam test, the number of PEs extracted from the photocathode per muon incident (𝑁pe/𝜇)
was tested. The yield of PEs is closely related to the QE of the photocathode, which is the crucial
performance of the photocathode. This number is estimated from the response of the muon beam and
a single PEs calibration using a UV lamp at the same voltage. In addition, the time resolution of the
prototype with different DLC photocathodes was tested to obtain the optimized time performance. The
time information of the prototype and the MCP-PMT was obtained by fitting the leading edges with a
sigmoid function and performing 20% constant fraction discrimination (CFD). The time difference
between the MCP-PMT and the prototype is defined as the “signal arrival time” (SAT). The time
resolution (𝜎) of the prototype, which contains the contribution of the MCP-PMT and other effects,
can be acquired by fitting the distribution of the SAT with a Gaussian function. This methods are
described detailed in [6, 20]. Both the results of yield of the DLC photocathodes and the time
resolution of the prototype are detailed in the following sections.

5.2 PEs yield

The amplitude distributions of the prototype for single PEs and muon beam are fitted using a Polya
function [20–22]. The mean amplitude of single PEs and muons are denoted as 𝑄𝑒 and 𝑄𝑚𝑢,
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respectively. The PEs yield is simply estimated by dividing 𝑄𝑚𝑢 by 𝑄𝑒. The PEs yield results are
shown in table 1. When the thickness of DLC film is 3 nm, the optimal performance is obtained, for
which the 𝑁pe/𝜇 equals to 3.7. By comparing all the photocathodes, it can be seen that as the thickness
of the DLC film increases from 3 nm to 10 nm, the PEs yield decreases, which is consistent with the
results of QE measurement. Additionally, under the same conditions, an 18 nm CsI photocathode
was also tested, while the 𝑁pe/𝜇 was approximately 10 [6].

Table 1. PEs yield results of different DLC photocathodes.

Thickness of DLC film (nm) 𝑁pe/𝜇 Detection efficiency
3 3.7 97%
5 3.4 94%

7.5 2.2 70%
10 1.7 68%

The more PEs extracted from the photocathode, the higher detection efficiency will be obtained.
As the thickness of the DLC film increases from 3 nm to 10 nm, the detection efficiency of the
prototype for charged particles decreases from 97% to 68%, while the detection efficiency approaches
100% when using CsI photocathode. These results indicate that using a 3 nm DLC photocathode, the
PICOSEC MM prototype can maintain sufficient detection efficiency for charged particles.

5.3 Time resolution

The time resolution of the prototype equipped with different types of DLC photocathode was tested.
Of these, the 3 nm DLC photocathode exhibits the best performance, followed by the 5 nm, 7.5 nm and
10 nm photocathodes in descending order of performance, which is consistent with the results of PEs
yield and QE. Figure 12(a) and 12(b) show the time resolution of the prototype equipped with 3 nm
and 10 nm DLC photocathodes, respectively. It can be clearly seen that the time resolution improves
with higher pre-amplification voltage, which has the same tendency when using CsI photocathode.
With the 3 nm DLC photocathode, the time resolution reaches up to approximately 42 ps at the voltage
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Figure 12. Time resolution results of the PICOSEC MM prototype equipped with a 3 nm and 10 nm DLC
photocathode.
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of 550 V of pre-amplification gap and 300 V of amplification gap. With the thickness of the DLC
film increases, the time resolution deteriorated. With the 10 nm DLC photocathode, the best time
resolution is only about 76 ps, even higher voltage on pre-amplification gap was applied.

6 Conclusion

The DLC photocathode for the PICOSEC MM detector is introduced, and it has shown promising results
with its suitable sensitivity and stability. Its performance is optimized through the manufacturing
processes, QE measurements and beam tests. In the QE measurements, samples with different
thickness were studied, and the results indicate that the optimized thickness of DLC photocathode is
approximately 3 nm. Besides, the aging effect of ion bombardment was also tested. Both tested DLC
photocathodes maintain stable QE performance after a slight decrease, which is less than 20%, after
being bombarded with feedback ions of around 100 mC/cm2. As a comparison, the CsI photocathode
has shown rapid damage when only 10 mC/cm2 is accumulated on the CsI film. Additionally, muon
beams was used to test the PICOSEC MM prototype equipped with DLC photocathodes to verify its
performance in practical application environment. A time resolution of around 42 ps with a detection
efficiency of 97% for 150 GeV/c muons were obtained when the prototype equipped with a 3 nm
DLC photocathode. In conclusion, the good properties of no hydrolysis, chemical stability and
robustness to ion bombardment of the DLC photocathode demonstrate its great application potential
as the photocathode for the PICOSEC MM detector.
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