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A new type of Faraday cup, capable of detecting high energy charged particles produced in a high
intensity laser-matter interaction environment, has recently been developed and demonstrated as a
real-time detector based on the time-of-flight technique. An array of these Faraday cups was de-
signed and constructed to cover different observation angles with respect to the target normal direc-
tion. Thus, it allows reconstruction of the spatial distribution of ion current density in the subcritical
plasma region and the ability to visualise its time evolution through time-of-flight measurements,
which cannot be achieved with standard laser optical interferometry. This is a unique method for
two-dimensional visualisation of ion currents from laser-generated plasmas. A technical descrip-
tion of the new type of Faraday cup is introduced along with an ad hoc data analysis procedure.
Experimental results obtained during campaigns at the Petawatt High-Energy Laser for Heavy Ion
Experiments (GSI, Darmstadt) and at the Prague Asterix Laser System (AS CR) are presented. Ad-
vantages and limitations of the used diagnostic system are discussed. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4859496]

I. INTRODUCTION

A variety of novel Faraday cup detectors have been re-
cently introduced.1–9 Different designs enable various mea-
surement techniques: ion collectors for ion guns;2 micro-scale
Faraday cups in electron microscopy;3 Faraday cups reducing
secondary electron emission in plasma focus experiments;4

Faraday cups with fast time response for measuring elec-
tron beams of traveling wave tube guns.5 Generally speak-
ing, Faraday cups are used for various types of experimental
measurements: ion mass spectrometry;6 beam current mea-
surement of an ion source where electromagnetic noise is
associated;7 alpha particle detection in tokamaks;8 ion detec-
tion from laser-plasma based experiments.9 The main tech-
nique used at Prague Asterix Laser System (PALS)10 for ion
current measurements with Faraday cups, as well as other de-
tectors, is the time-of-flight (TOF) method.9, 11–13

By using several Faraday cups in array geometry, it is
possible to observe the expansion of a laser produced plasma
from different detection angles at the same time in order to
reconstruct the ion current angular distribution. Faraday cup
arrays have already been tested for ion diagnostics in various
environments.14–16

In this paper, a new type of miniature Faraday cup is
presented and technically described in Sec. II. This type of

a)Author to whom correspondence should be addressed. Electronic mail:
prokupek@fzu.cz.

detector, used as an ion collector in array geometry and in
TOF configuration, is capable of detecting high currents com-
ing from the laser-generated plasma particles onto the de-
tector. The main difficulty of such measurements is that the
detector is in an environment where large Electromagnetic
Pulse (EMP) exists, especially when the detector is placed
only few tens of centimetres from the target. The EMP has
a broad spectrum (MHz up to GHz) of wavelengths res-
onating inside the vacuum vessel and influencing all elec-
tronic devices.17 For this reason the temporal length of the
EMP affects the TOF signal by generating a large noise sig-
nal on the oscilloscope which interferes with any detector
signal.

A data analysis method is developed and described in de-
tail in Sec. III. The experimental setup is described in Sec. IV
together with the results from the Faraday cup array at PALS,
which are mainly used to reconstruct the time evolution of
plasma ion products. The first test of the Faraday cup ar-
ray in the frame of fs-laser ion production was carried out at
the Petawatt High-Energy Laser for Heavy Ion EXperiments
(PHELIX)18 laser facility in GSI, Darmstadt, whereas another
experimental campaign was carried out at the sub-nanosecond
PALS facility, Prague. Besides this new type of Faraday cup,
different diagnostics were used during the experimental cam-
paign: a pinhole camera, an X-ray streak camera, a visible
interferometer, a Thomson parabola spectrometer, as well as
other TOF detectors (silicon carbide detectors, scintillators,
and different types of Faraday cups).
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II. TECHNICAL DESCRIPTION OF THE DEVELOPED
FARADAY CUP

Usually, traditional ion collectors have been employed
in laser driven ion acceleration experiments carried out at
nanosecond laser facilities. They consist of a flat copper elec-
trode, in front of which a conductive grid is placed. A given
bias voltage is applied to the electrode, whereas the grid is
grounded.19 This configuration yields a final signal on a fast
oscilloscope (typically 1 GHz), which is composed of an ion
TOF spectrum itself and a fast signal due to secondary elec-
trons emitted from the metallic electrode and the grid (caused
by photoelectric mechanism of the incoming plasma extreme
ultraviolet radiation). Such a signal can last for several tens
of nanoseconds (up to 100 ns) and partially overlaps with the
rising edge of the ion signal. Usually, in order to achieve a
reasonable time (velocity) resolution, such an ion collector is
placed far from the source. Hence, it has another disadvantage
due to the fact that it has to be connected to a long tube which
is mounted onto a vacuum flange where the possibilities of in-
vestigating the ion emission at different detection angles are
limited. An additional problem is the above mentioned EMP
associated with the interaction of high intensity lasers with
solid targets. For those reasons, a new type of Faraday cup
has been developed where both the geometry and the elec-
tronic components have been optimized with the following
goals: (i) flexibility of placing them at different angles inside
the target chamber; (ii) reducing the secondary electron emis-
sion and EMP signal; (iii) maintaining a high time resolution
in TOF configuration even at short distances from the source.

The new device consists of two concentric shaped cylin-
drical electrodes made of copper with a teflon insulator be-
tween them. The outer cylinder is a shielding electrode con-
nected to the ground. Diameters of the inner and the outer
electrode were designed as small as possible but large enough
to allow for physical construction in a workshop without any
need for a special machining sequence. The inner cylinder is
made with a hole along the axis but not penetrating through
the electrode completely. The dimensions of the Faraday cups
electrodes are sketched in Figure 1. This configuration of the
Faraday cup with the hole in the inner electrode ensures that
the detector will have properties of an emission-less ion col-
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FIG. 1. Schematic drawing of the new type of Faraday cup. The inner and the
outer copper electrodes with teflon insulator between them are depicted with
dimensions given in mm. The length of the whole device is 16 mm excluding
the length of the standard cable connectors.

lector because the effect of the emission of electrons induced
by impinging ions is strongly suppressed.

To characterize properties of the new developed Fara-
day cup, one can assume it as a coaxial line transmitting the
current signal given by the impinging charged particles. The
important characteristic is the impedance defining the signal
transmission characteristics from the detector to the coaxial
cable and further to the oscilloscope; the impedance of the
detector is 10.55 �. To apply the voltage on the Faraday cup,
the signal transfer must be interrupted with a capacitor, sep-
arating the Faraday cup from the oscilloscope. For this rea-
son, only high frequency signals can pass through and be
registered.

III. DATA ANALYSIS PROCEDURE

Determination of TOF spectrum is the measurement of
a time-resolved voltage amplitude induced by charged parti-
cles impinging the Faraday cup. The signal is registered at
the oscilloscope (Tektronix DPO 7104 with sample rate of
5 GS/s was used at PHELIX, whereas Tektronix DPO 4104
with sample rate of 5 GS/s was used at PALS). As it can be
seen in Figures 2(a) and 2(b), the first part of both signals is
an interference made by the EMP, serving also as a trigger.
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FIG. 2. Typical spectrum measured by the new type of Faraday cup (a) at
PHELIX laser facility (TOF at 20 cm distance) and (b) at PALS facility (TOF
at 50 cm distance).
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Using the given target-detector distance, it is possible to as-
sign each point of the TOF spectra to a certain velocity value,
and thus, transforming the TOF distribution into a velocity
distribution.

The next step is to transform a time-resolved ion cur-
rent j(L, t) (i.e., time-of-flight spectrum of expanding ions)
observed at a distance L from the target into a distance-of-
flight dependence of the ion current j(x, τ ) for a chosen value
of the time-of-flight τ which is based on a similarity relation-
ship of currents of ions having “frozen” charge state due to
high rarefaction of ion density,20

j (x, τ ) · x3 = j (L, t) · L3, (1)

where xτ = Lt. Thus, every velocity point calculated from
the TOF signal is then assigned a certain space position. The
current density is recalculated for all positions taking into ac-
count the original detector position and its solid angle. The
current density j at each position L is determined by the rela-
tionship,

j (L, t) = C · U0

RS
, (2)

where U0 is the response of the Faraday cup in volts induced
by collected ions, R is the circuit resistance, S is the detect-
ing area of the Faraday cup, and C is the correction to the
transmission of the signal in the circuit and to a relative cali-
bration. A correction factor for signal transmission and atten-
uation was used in the PALS experiment. By this way, every
distance point is assigned a current density value. Using the
known angle φ of the detector, x and y coordinates can be
recalculated, whereas z is associated with the current density
value. This is then projected into a 2D plot, represented by
colour contours, as it was described in Ref. 21. The data in-
terpolation between each two neighbouring detectors is made
in order to finalize the 2D plot.

If a grounded grid is applied in front of the Faraday cup,
the secondary electron emission from the grid would have to
be taken into account giving an additional signal recorded to-
gether with the TOF signal of the ions. Secondary electron
emission experiments were done in the past,22 thus it is pos-
sible to calculate necessary corrections.

IV. EXPERIMENTAL RESULTS

Faraday cups have been tested in two different laser fa-
cilities (PHELIX sub-picosecond and PALS sub-nanosecond)
bringing them into two different conditions of operation. In
the PHELIX experiment the Faraday cups were placed be-
hind the target at a distance of about 20 cm and 60 cm to ob-
serve forwardly accelerated ions. They were located close to
the target normal (distributed from target normal up to an an-
gle of 25◦). The laser with a central wavelength of 1.053 μm,
pulse energy of about 100 J (before compression), and pulse
duration of 500 fs (FWHM) was focused by a 45◦ off-axis
parabolic mirror onto a 10 μm gold foil. The peak intensity
in focus was about 1.4 × 1019 W cm−2. At the PALS experi-
ments the Faraday cup array was placed in front of the target
(backward direction of the laser beam) and their distance var-
ied from 40 cm to 50 cm from the target. One of the Faraday
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FIG. 3. Sketch of the experimental setup at PALS.

cups was placed in the target normal (laser axis) direction,
whereas the rest were at angles between 30◦ and 70◦ with
respect to the target normal (the laser beam incidence angle
was 0◦).

A typical detected signal from the Faraday cup is shown
in Figure 2(a) at PHELIX and in Figure 2(b) at PALS. In both
signals the first part (blue frame) represents the EMP noise
lasting from tens to hundreds of nanoseconds (depending on
the pulse length of the laser and the shielding capabilities of
the detector). Moreover, the EMP noise level is in principle
different when using two different laser peak intensities on
target. The noise is followed by a fast ion group and then a
slow one. To extract the 2D information, one needs to spread
the detectors along a wide range of angles. This setup was
arranged at the PALS experiment and the results reported be-
low refer to it. The layout of the PALS experiment is shown
in Figure 3.

The Faraday cup signals at PALS were recorded in nu-
merous laser shots. The laser beam at its fundamental fre-
quency of 1.315 μm, pulse energy of about 600 J and pulse
duration of 300 ps (FWHM) was focused by an aspheric
lens onto a double layer planar target. The foil was 2.5 μm
polyethylene terephthalate (PET) with a 50 nm aluminium
substrate on one side. This target geometry was chosen to
generate a simple ion current consisting of protons and car-
bon ions from the PET part of the target keeping relatively
high EMP due to the presence of Al substrate. The peak in-
tensity in focus was about 4.4 × 1016 W cm−2. The spatial
ion current density distribution is shown in Figure 4. This
two-dimensional map of ion currents was determined from
time-resolved signals of Faraday cups with the use of relation-
ship (1) for a time of 222 ns after the laser-target interaction.
The fast ion group expands along the target normal, whereas
no fast ions are present at large angles. The white area close



013302-4 Prokůpek et al. Rev. Sci. Instrum. 85, 013302 (2014)

1.0

0.8

0.6

0.4

0.2

0.0

y 
[m

]

-0.4 -0.2 0.40.20.0
x [m]

100 cm

80 cm

60 cm

40 cm

BEAM AXIS

2

3

4

0.025
0.05
0.1
0.2
0.4
0.8
1.6
3.2

ytisne
Dtnerru

C
noI

2
mc/

Ak[
]

Al 50 nm PET 2.5 µm+  (42706)
T = 222 ns

TARGET

1

LASER
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laser energy.

to the target (see in Figure 4) represents the region of early
plasma expansion where the relationship (1) is not valid due
to several different plasma processes.23 Thus, the ion current
density, measured far from the target (plasma free expansion
region), is possibly underestimated. A cylindrical symmetry is
assumed to visualise the 2D plot with the target normal in the
middle. This symmetry is also assumed for evaluation of the
plasma electron density from visible interferometry although
a declination of the plasma plume expansion from the target
surface normal can be expected.24 However, in other experi-
ments, where the laser beam impacts with nonzero angle, the
ions are emitted in non-normal direction.20

The result of interferometric measurements, covering
an area in front of the target, reported in Figure 5 shows
the plasma electron density distribution taken 500 ps after
the main pulse hits the target. The interferometer uses part
of the laser pulse at third harmonics (438 nm). It is possible to
see the formation of a dense region along the target normal.
This is supposed to correspond to the fast ion generation reg-
istered by the Faraday cup. Comparing the results in Figures
4 and 5, one can recognize similar structures of plasma for-
mation, especially along the target normal (the fast ion signal
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FIG. 6. Time evolution of plasma from shot shown in Figure 4. The ion cur-
rent density scale is the same for all time steps.

in case of the Faraday cup and the region with higher electron
density in case of the visible interferometry).

Figure 4 clearly demonstrates the presence of fast par-
ticles in the target normal direction. By choosing vari-
ous times and applying the analysis procedure described in
Sec. III on each time separately, one obtains a time evolution
of the plasma plume. In Figure 6, six consecutive time steps
(22 ns per each step) visualizing the time evolution of the
plasma expansion are shown. For each time step, the ion cur-
rent density scale is kept constant. The current density drops
in each consecutive step as relationship (1) predicts. First, the
time stretching of the signal due to the different particle ve-
locities leads to fewer particles hitting the detector during the
same time interval. Second, as the solid angle of observation
decreases with increasing distance,25 the detected charge de-
creases because fewer particles hit the detector on the same
unit of detectors area. For this reason, the current density
is decreasing when the time increases. We note these state-
ments are valid under the assumption that the charge separa-
tion is conserved,23 i.e., no neutralization mechanism occurs
in plasma.

V. SUMMARY AND CONCLUSION

First experiments with the new type of Faraday cups
showed promising features of the detectors. A configuration,
where several detectors are placed at different angles, allows
measuring the space distribution of current density of plasma
ion components, similarly as it was done for ion charge
density.20 The angular resolution of the obtained 2D contour
plot of the ion current density is given by the total number of
employed detectors available and the relative angular distance
between each two neighbouring detectors. The main limita-
tion in comparison with standard optical interferometry is, as
previously mentioned, the low number of detectors and, as
a consequence, the inaccuracy of data interpolation. The ad-
vantage, on the other hand, is the possibility to follow only
the plasma ion emission (interferometry is more connected
to the plasma electron emission and is limited to the under-
critical density region) and to be able to measure very high
ion currents (only limited by the attenuation required for os-
cilloscope protection, and the corresponding dynamic range).
Another advantage of using Faraday cups is the possibility to
determine the time evolution by changing the evaluation time
(shown in Figure 6) as discussed above. Utilizing this method,
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it is possible to obtain a snapshot of the ion current and ion
charge density distributions at any chosen time (except short
times where the signal is hidden in the blank region), or to
create a video sequence representing the time evolution of
the ion current density in single shot experiments, which can
often result in a better visualization of the plasma expan-
sion relatively far from the target, which can be useful when
particle detectors or optics have to be placed at a given dis-
tance from the source.

A further development of the new type of Faraday cups
should focus on a better shielding of the detector from EMP
interference. The proper building of a Faraday cage around
the detector as well as shielding of the signal cables and the
oscilloscope itself is a crucial point in order to be able to de-
tect fast particles typically hidden in the EMP noise. In our
experiment at PALS the fastest protons have energies exceed-
ing 2 MeV according to the Thomson parabola spectrometer
measurement. In the used Faraday cup the TOF signal of those
protons should appear at about 20 ns, which overlaps with the
100 ns strong EMP interference. Decreasing the level of in-
terference by proper shielding would cause the fastest part of
the ion signal to emerge from the noise. After further devel-
opment and experiments, one should verify that the technique
of using Faraday cups for proton and ion radiography is also
worthy for fast particles, applicable at petawatt-class laser that
are becoming more widely used.
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