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Abstract: This program was designed to introduce a plasma platform to examine the Field
Programmable Gate Array, FPGA, of the link-boards typically used at CERN’s Large Hadron
Collider, LHC. Pulsed plasma systems with accelerating gradient of 1 𝑘𝑉/𝜇𝑚 generate high
intensity high energy radiation beams. Single Event Upset, SEU, is caused by radiation deposition
in the FPGA. In FPGA, the SEU probability for 1 MeV protons and 10 keV 𝑋 − 𝑟𝑎𝑦𝑠 are 0.1 and
2×10-9 particle-1. The number of SEU induced in the Si by 1 MeV proton irradiation at 0.8 V bias
computed from simulation in COMSOL was 1.8×105. Although more experimental research is
needed to identify the underlying mechanisms, pulsed plasma is perceived as being a smart
alternative to investigate error structure in FPGA.

Introduction: Plasma Radiation Source
Pulsed plasma systems, wherein Lorentz forces are applied to an ionized gas through the
interaction of a large current discharge with the induced magnetic fields, have been extensively
studied. Capacitive stored energy is abruptly switched across a pair of electrodes separated by
ambient gas in the pressure range of a few mbar. The gas breaks down, the current rises rapidly in
the circuit, and the discharge forms as a thin sheet of current which presents a minimum inductance
configuration to the external circuit. The magnetic field enclosed by the circuit then interacts with
the discharge current to accelerate the sheath through the ambient gas, ionizing it, and in the proper
circumstances, accelerating it to a high velocity [1].
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The plasma focus, PF, is an extremely simple device, needs no external magnetic fields, and makes
very efficient use of the magnetic energy in a highly compressed plasma. Ever since its invention,
the PF has remained one of the most efficient laboratory plasma radiation sources. Due to high
energy and magnetic field density, a wide variety of interesting phenomena occur within the PF.
One of the most prominent features of the device is the acceleration of ions and electrons to very
high energies (MeV range), suggesting the existence of large accelerating fields. The emission of
such high energy particles is surprising as the capacitor charging voltage is typically in the 10 to
20 kV range. Despite many years of study, the details of the acceleration process are not completely
understood, as yet.
Dynamics of the PF discharge is divided into three distinct phases: gas breakdown and current
sheath build-up, current sheath acceleration, current sheath collapse [2]. The main feature of the
PF performance is the formation of a hot and dense plasma column called pinch. After the plasma
structure becomes a plasma column, it will be further compressed to form the final stage where
the resistance of the pinch increases. The plasma column starts expanding before thermal
equilibrium is reached and this is followed by diffusion of the magnetic field into the plasma
column. The magnetic field diffusion into the plasma column considered to be due to an anomalous
resistance in the column which then accelerates electrons and ions in opposite directions. The
increased impedance is indicated by the sharp voltage spike and current dip in the voltage and
current signals. The impedance becomes large rapidly at the last stage of the convergence of the
plasma sheath because of the rapid increase in the inductance of the plasma sheath in a small
radius. The plasma column reaches its minimum radius with the plasma density reaching its
maximum value 1019 cm-3 and the typical electron temperature of about 0.5 keV.
Many different types of radiations are emitted during this phase and the emission continues up to
the disruption and decay of the plasma column. The development of instabilities is one of the
characteristics of the pinch phase. These instabilities induce a locally enhanced electric field, so
that electrons and ions are highly accelerated.
1.

Ion Beams: Measurements of high energy ion beams have employed a variety of techniques
including magnetic spectrometry [3] and nuclear activation [4]. In magnetic spectrometry, the
radius of curvature of the path of the charged particles passing through a magnetic field is
proportional to the particle momentum. The ion spectrum starts with very high energy ions
in a small spot and continues with the spectrum which represents the lower energy ions
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distribution. The number of tracks in each image, the effective charge of the ions, the
correction for the ion energy loss in the ambient gas, and the ion energies corresponding to
the displacement on the detector are required to obtain the ion spectrum. All the resulting
energy spectra display decreasing intensity with increasing energy.
In the nuclear activation technique each ion of interest must initiate a nuclear reaction that
produces a radionuclide that is uniquely associated with that particular ion; each reaction
must take place at the ion kinetic energies typically encountered in the device with a
sufficiently high yield that a statistically significant measurement can be made; the activation
product must be unambiguously identifiable; the half-life of the induced activity must be long
enough so that the samples can be recovered and counted before the activity decays away,
but not so long as to make the counting interval impractically long [5, 6]. Nuclear activation
technique is the first and only experimental evidence that there is an electric field towards
the positive electrode in the PF [7].
In PF devices, magnetically driven ion beam [8-13] improves the radioactivity to the
prescribed value of GBq for nuclear imaging. Magnetic radioactivity competence scheme
reflects the vision that small PF, as a smart alternative to cyclotron, generates medical grade
radioactivity.
2.

Electron Beam: High energy electron beams were observed in PF with energy much more than
the discharge voltage. There have been few experiments in which direct measurements of
electron beams have been made, most experiments propose measurement of 𝑋 − 𝑟𝑎𝑦
emission from inner electrode to infer the existence and properties of the electron beams.
Direct measurements have used Faraday cup and magnetic spectrometry to derive the beam
characteristics. The electron beam in the PF appeared to have distinct temporal structures.
Electron energy spectrum is described by a power law of the form 𝐾𝐸 −𝑚 where m= 2 to 5 in
different experiments. The spectrum increases with bank voltage and hence the discharge
current [14-17].
PF electrons have the capability of 3-D polymer nanowire growth which has the application in
biosensor, bio medicine, and molecular electronics [18].

3.

𝑋 − 𝑅𝑎𝑦: Intense 𝑋 − 𝑟𝑎𝑦 pulse is produced in a PF in a very short time of Nano-scale [19,
20]. 𝑋 − 𝑟𝑎𝑦 spectrum consists of characteristic 𝑋 − 𝑟𝑎𝑦 and Bremsstrahlung radiation. 𝑋 −
𝑟𝑎𝑦 measurement in PF is performed using pinhole camera, photodiode, scintillation
detector, and spectrometer. Hard 𝑥 − 𝑟𝑎𝑦 (HXR) spectrum follows a power law distribution
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therefore, it is produced due to the high energy electron beam impact on the anode insert.
Soft 𝑥 − 𝑟𝑎𝑦 (SXR) imaging of the plasma column shows the pinch structure. In some images
hot localized spots with µm dimension are observed, for high energy PF devices, which may
be resulted in charged particle acceleration.
SXR has uses in lithography, microelectronics industries, and MEMS. HXR have applications in
object radiography including fast rotating objects.

IPM-PF Technical Features
The IPM-PF consists of a single energy storage capacitor, a spark gap, a coaxial transmission line,
a Mather geometry coaxial plasma system. PF requires a triggerable switch for rapidly transferring
the stored energy from the capacitor to the load dynamic plasma across the electrode assembly
inside the chamber. Spark gap is a high voltage switch characterized by a peak current of 150 kA,
delay time of tens of nanoseconds and inductance of tens of nH. It is suitable for capacitor
switching applications such as PF devices. Spark Gap is a device used most often for switching
high energies in short times from a capacitor bank. The most common design for a spark gap has
been the three electrode version, incorporating an anode, cathode, and triggering electrode. Low
inductance is for the reason that the inductance of the pulsing system is small and high current
rates can be achieved. Low inductance switch is capable of delivering current in excess of 200 kA
and operational in the DC voltage of up to 20 kV. A trigger pulse generator provides 20 kV pulses
with rise time of less than 5 ns to trigger the switches. IPM-PF’s spark gap switch is triggered by
field distortion to distort the electric field between the main electrodes. The trigger generator has
fiber-optic isolation to ensure safe, reliable operation in high current PF system. The jitter, time
interval from trigger to breakdown and the variation of this interval from pulse to pulse, in the
switch time is a few ns. The capacitor is coupled to the electrodes via low inductance coaxial cables
arranged symmetrically around the PF tube. The chamber is pumped down to 0.01 mbar by a
roughing pump.
The anode radios a can be estimated from drive parameter which has an empirical value of 𝑎
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90 𝑐𝑚 𝑡𝑜𝑟𝑟1/2 where I is the peak current in the capacitor discharge waveform. The anode length z
is estimated from typical axial va and radial vr velocity of the current sheath through 𝑧 =
𝑎

𝑣𝑎 (𝑇1 − 𝑣 ) where T1/4 is the quarter period of the discharge current. The cathode radios b is
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obtained from the plasma sheath inductance 𝐿 = 2𝜋0 𝑧 ln 𝑎. The cathode length is conventionally
taken as the anode length. Experimental iterations are required for fine tuning the design of the
electrodes to achieve optimal device performance.
Capacitor, switch, cables and other components must be of the low inductance, capability to take
high voltage, and the capacity to transfer high current. Therefore, in order to have a high current,
the voltage must be high and the capacitor inductance must be low. The most important technical
specification for a high voltage power supply are the maximum charge rate j/s and the charging
voltage range, for which the mA current is enough.

IPM-PF Measurements and Computations
PF introduces explicit features, but the discharge current waveform is the most unique. It is so
strongly affiliated with its electric current signal that is a reflection of a smart design. Current
oscillogram delivers significant information on the electromagnetic behavior of the PF device. It
represents the current rise time, peak current, and pinch formation just as signatures of the distinct
phases of the PF operation. Figure 1 shows experimental discharge current of IPM-PF obtained by
calibrated Rogowski coil, 300kA/20µs/100kHz bandwidth. Lee model [21] has been applied to the
analysis of the current signal. The experimental current trace was fitted with Lee code to estimate
the pinch current, dimensions, duration, and temperature. Tables 1 to 4 shows the design
parameters, measurements, computations, and typical emissions of the IPM-PF.

Table 1. Design parameters
Electrode

Capacitor

Inductance

Power Supply

Spark Gap Switch

Trigger

36 µF

110 nH

20kV/100mA

200kA

2µs

a=1.8 cm
b=3.2 cm
z=15 cm

Table 2. Operational parameters
Pressure (H2)

Voltage

Repetition Rate

T1/4

Peak Current

3 torr

10 kV

0.1 Hz

3 µs

150 kA

Table 3. Computational parameters
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va

vr

tp

rp

zp

T

E

B

Vp

6.8 cm/µs

13 cm/µs

30 ns

2.16 mm

14.4 mm

130 eV

4×107 V/m

13 T

40 kV

zp is the pinch length

Table 4. Typical radiation parameters
Charged Particles

Current
Flux/Number

Electromagnetic Emissions

Ion

Electron

50 kA

10 kA

Pulse

10-100 ns

1.6×1016

Yield

10 j

2.24×1028
-2 -1

cm s

X-Ray

Mean Energy

0.04 MeV

0.05 MeV

SXR Wavelength

10-9 m

Max Energy

1.5 MeV

0.15 MeV

HXR Wavelength

10-11 m

Beam Energy

60 j

80 j

Efficiency

3%

5%

Efficiency

0.6%

PF devices, irrespective of energy and size, have similar magnitude of drive parameter in the axial
phase and narrow range of orders of magnitude of compressed energy density in the pinch that
produces pinch plasmas with similar order of temperature and densities. Higher the capacitor bank
energy and peak discharge current are, the bigger is the anode size, then the energy density or drive
parameter can still be the same as that of small and medium PF. Electron density for a sub-kilo
joule PF measures experimentally is 1019cm-3 which is similar to big PF devices.
𝑘𝐴

Critical drive parameter for PF design typically value of 90 𝑐𝑚 𝑡𝑜𝑟𝑟 1/2 is required for efficient
operation. High drive parameter leads to the radial phase to last shorter. In other word, if this value
is not close to 90, then the gap between magnetic piston and current layer changes. For IPM-PF
this value is about 78.
In a plasma column with an axial electric field E producing axial current density, associated with
azimuthal magnetic field, the pinch is generated with an inward force of 𝑗 × 𝐵. In a steady state
where the radially inward magnetic pressure gradient ∇𝑝 = 𝑗 × 𝐵 and radially outward plasma
pressure gradient are balanced, using Maxwell’s equation ∇ × 𝐵 = 𝜇0 𝑗 and ideal gas law 𝑝 =
𝑁𝐾𝑇, the Bennett equilibrium [22] condition shows that the plasma temperature is proportional to
the peak current:
6

𝐼2
𝑇 = 𝐶1
𝑁𝑖
where Ni is ion number density and C1 is a constant. For IPM-PF, this gives the plasma temperature
to be 9 keV, whereas Lee code gives the temperature as 130 eV.
For a pinch with radios of rp=2.16 mm and peak current of 142 kA, the magnetic field is 13 T. This
gives an electric field of 106 V/m for a pinch duration tp=30 ns. If the mean free path for ions in
the pinch is about 1 mm, then ions are accelerated to the energy of 1 keV which is much less than
the average energy of the ions in the PF. Vast majority of ions have energy range of 30-60 keV
[23]. Lee code gives the pinch voltage to be Vp=40 kV, then the electric field is 4 × 107 𝑉/𝑚. This
field requires either pinch life time or accelerating path to be reduced:
1. pinch time: the acceleration period is reduced to 1 ns and the magnetic field and pinch radios
remain unchanged; this results in the total number of 40 keV ions to be 2.3 × 1014
2. acceleration path: pinch radios is lowered to 50 µm, with 30 ns pinch duration; this leads to a
very strong but unrealistic 500 T.

Hence for realistic conditions, the acceleration time must be about 1 ns to achieve the electric field
required for ion acceleration to the estimated average energy.
The number of average energy ions of 40 keV estimated by NX2 empirical power law spectrum of
the form 1011 𝐸 −3.8 is 2 × 1016 [3]. The ion beam current is estimated by:
𝐼𝑖𝑜𝑛 = 𝑁𝑖 𝑒𝑣𝑑 𝐴𝑝
where vd is the ion drift velocity, and Ap is the pinch cross section. This gives the ion beam current
to be 10 kA. From Lee code the ion current is 50 kA and according to Child’s law:
3/2

𝑉𝑝
𝐼𝑖 = 𝐶2 2
𝑟𝑝

where C2 is a constant, the ion beam current is 90 kA. The experimental ion beam current from
magnetic spectrometry on the NX2 device [3], with similar energy to IPM-PF, was estimated to be
100 kA.
For a very high pinch voltage to accelerate ions to 1 MeV, the impedance is estimated to be 7 Ω.
In a 1 mm acceleration path, the electric field is 1 GV/m, but the estimation for average energy ions
was 4 × 107 𝑉/𝑚. In order to increase the electric field:
i.

magnetic field must be very high, in the order of 104 T which is not practical

ii.

acceleration time must be very low, 10-11 s
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iii.

acceleration path must be too long, 3 m, that is unrealistic.

If the acceleration occurs at 1 mm, the accelerating gradient is 1 kV/µm and if they are produced
in µm-scale hot spots in the pinch, then the accelerating gradient is 1 MV/µm! Hot spots were not
observed experimentally in the low energy PF devices with particle energies in the range of 1 to 2
MeV, then the accelerating path is similar to that of ion’s mean free path of 1 mm. However medium
and high energy devices have shown several hot spots in the pinch and their ion energy exceeds 8
MeV [24], then the accelerating gradient for such devices might be anomalously high.

Link-Board Test
Resistive Plate Chamber (RPC) is a muon trigger system of the Compact Muon Solenoid (CMS)
at CERN’s Large Hadron Collider (LHC). The CMS RPC readout system is made up of the linkboard which is the core for data transmission, control and calibration. The RPC uses Field
Programmable Gate Array (FPGA) to reduce the number of links needed for data transfer. Single
Event Upset (SEU) could become an important issue in the adverse environment created by the
LHC [25]. SEU is caused by very high energy radiation deposition in a small volume of the
electronic chip. The evaluation of the SEU sensitivity is carried out by placing the device under a
beam of particles and measuring its cross-section. The cross-section σ is typically represented as
a function of either Linear Energy Transfer (LET) or the energy of the particles. SEU may
drastically alter the correct operation of FPGA by affecting the logic function of the memory cells.
Plasma platform is a smart choice to study the behavior of electronic component, such as FPGA
of link-boards in the RPC trigger system, to measure their radiation sensitivities and to investigate
the errors structure. The main aim is to study the behavior of the boards in the condition similar to
those expected in the final experiments. Typical emissions from IPM-PF are used to estimate the
SEU sensitivity of FPGA.
1. One MeV proton fluence ϕ in a low energy PF device is 6.8×1012 cm-2, and the SEU cross section σ
for such protons is 10-13 cm2/bit [26]. The total number of SEUs for FPGA with 1.86×106
configuration bit, M, irradiated by 1 MeV PF protons is:
𝑁𝑆𝐸𝑈 = 𝜎∅𝑀 = 1.2 × 106
The probability of an upset in a single bit per incident particle is obtained from:
𝑃=

𝑁𝑆𝐸𝑈 1
𝑀 𝐴𝑐𝑒𝑙𝑙 ∅
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Where Acell is the cell area of the FPGA being tested. The fraction of upset per bit,
the number of protons incident on a single bit , 𝐴

1

𝑁𝑆𝐸𝑈
,
𝑀

is 0.7 and

, is 0.15 for a cell area of 1 µm2. Hence for 1

𝑐𝑒𝑙𝑙 ∅

MeV protons, the SEU probability at 0.8 V applied bias is a significant value of 0.1 per particle.

Most of the ions produced in the PF are moving in a cone with a half angle of 25° against
anode toward the upper part of the PF system with energy interval of a few eV to several
MeV. One to two percent of ions generated in the PF hit the Si target. A set of magnetic
lens with a particular configuration enables higher projectile-target collisions to enhance
the SEU probability. The magnetic lens converges most of the ions, > 90%, and focuses
them on a small area on the Si target with a circular pattern [13].
2. PF 𝑿 − 𝒓𝒂𝒚, 𝐸(𝑆𝑋𝑅) ≤ 10 𝑘𝑒𝑉 and 𝐸(𝐻𝑋𝑅) ≥ 10 𝑘𝑒𝑉, interact with Si primarily through
photoelectric effect. Total attenuation of 10 keV 𝑋 − 𝑟𝑎𝑦 in Si is 100 cm2/g [25]. The SEU
probability at 0.8 V bias for 10 keV 𝑋 − 𝑟𝑎𝑦 is 3×10-14 particle-1 [25]. The number of 𝑋 − 𝑟𝑎𝑦
photons is given by:
𝑁𝑝 = 𝐶3 𝜆𝑌𝑋−𝑟𝑎𝑦
where C3 is a constant and λ is the wavelength. The experimental 𝑋 − 𝑟𝑎𝑦 yield of low energy PF
is YX-ray=10 J, then the number of PF 𝑋 − 𝑟𝑎𝑦 photons is estimated to be 5×1016. Therefore, the
SEU number for 10 keV 𝑋 − 𝑟𝑎𝑦 is 1.5×103.
This is three order of magnitude lower than SEU induced by 1 MeV protons. For 10 keV 𝑋 − 𝑟𝑎𝑦,
the SEU probability at 0.8 V is 2.4×10-9 per photon. At 0.3 V bias, the irradiation by 10 keV 𝑋 −
𝑟𝑎𝑦 have the probability of 10-9 particle-1 which exhibits a large dependence on supply voltage.
3. Nuclear interaction of PF proton with Cu and Al in electronic components is a source of 511 keV
𝛾 − 𝑟𝑎𝑦. The dominant interaction of induced 511 keV with Si is through Compton scattering
process. The maximum electron energy at 180º of scattering angle is 350 keV. Total attenuation
of 511 keV 𝛾 − 𝑟𝑎𝑦 in Si is 0.1 cm2/g [25]. This shows three order higher cross-section compared
to 10 keV 𝑋 − 𝑟𝑎𝑦, hence the number of SEU caused by 𝛾 − 𝑟𝑎𝑦 is predicted to be much higher
than PF 𝑋 − 𝑟𝑎𝑦.
4. Electron LET in Si for 50-150 keV is around 2×10-3 MeV cm2/mg [25]. One MeV protons LET in Si is
0.2 MeV cm2/mg [25]. This indicates that electrons are much less important than 1 MeV protons
for FPGA to induce error.
5. Figure 2 shows schematic diagram of 1 MeV protons interacting Si with 0.8 V applied bias
simulated in COMSOL. Once protons enter the Si target, the electric potential deviates from the
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straight line, star marks in figure 3, and curves toward negative potential indicating space charge
creation. In this figure the straight line shows the electric potential in the absence of 1 MeV
protons. The induced charge in Si by protons is computed from figure 4 and it is 1.8 nC. The critical
charge, minimum charge required to induce one SEU is 𝑄𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 0.023𝐿2 [27]. For a 1 µm
feature size Qcrirical= 10 fC, therefore, the number of SEU is estimated to be 1.8×105.

Table 5. Error structure in Si irradiated by proton and 𝑋 − 𝑟𝑎𝑦

Proton

X-ray

Energy

Number

1 MeV

1×1012

0.01 MeV

5×10

16

Crosssection
10-13 cm2
3×1014

cm2

Bias

NSEU

Probability

0.8 V

1.2×106

0.1

0.8 V

1.5×103

2.4×10-9

Space
Charge
1.8×10-9
C
-

Conclusions
Link-boards are used in the hostile environment created by LHC to control the transmission. All
semiconductor devices are susceptible to Single Event Upset, SEU. The main cause of SEU is
from high energy radiation deposition in the device. Plasma platform was introduced to examine
the behavior of the link-boards in condition similar to those expected in the final experiments.
Pulsed plasma system is an extremely simple and small facility making efficient use of the
magnetic energy to generate high energy ion, electron, and 𝑋 − 𝑟𝑎𝑦. the total number of SEU
induced by 1 MeV proton was 1.2×106. The SEU number from 10 keV 𝑋 − 𝑟𝑎𝑦 was three order
of magnitude less than protons. Linear Energy Transfer, LET, for 50-150 keV electron is 2×10-3
MeV cm2 mg-1 whereas for 1 MeV proton is 0.2 MeV cm2 mg-1. This indicates that electrons are
much less important than protons to induce SEU. COMSOL simulation shows that 1 MeV protons
produces 1.8 nC space charge in Silicon. The critical charge for 1 µm feature size is 10 fC, then
the number of SEU from simulation is 1.8×105. Findings suggest that pulsed plasma device might
perform satisfactorily as a test bench to configure the failure properties in the electronic
components.
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FF

Figure 1. IPM-PF experimental discharge current

Figure 2. Schematic diagram of proton interaction with Si simulated in COMSOL
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Figure 3. Electric potential in Si without proton irradiation, straight line with star marks, and proton
irradiated, curved line with circle marks. Deviated curve from straight line shows space charge
production as a negative potential indicating electron accumulation in Si.

Figure 4. Charge induced in Si by 1 MeV proton irradiation.
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