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Abstract— A silicon detector with a fast electronics chain is used 

for the dosimetry of protons in the range 0.5-5 MeV at the CNA 

3 MV Tandem laboratory in Seville, Spain. In this configuration, 

measurements can be performed in pulsed mode, using a digitizer 

to record event-by-event proton energy depositions. The  

distributions of deposited energy were obtained thanks to a 

calibration with an alpha source. Measurements of flux and 

deposited energy are used to enable SEE testing on selected 

SRAMs.     

 
Index Terms— Low-energy protons, silicon detector, single 

event effects. 

I. INTRODUCTION 

ingle Event Effects (SEEs) are one of the major 

concerns for the reliability of electronics in space. 

Prediction and mitigation methodologies have been 

developed by industry, based on characterizations with 

high-energy protons and heavy ions, and are defined in 

standards [1].   

However, in the past decade, several studies have 

shown that the contribution of the direct ionization from 

low energy protons has a potentially significant impact on 

the accuracy of prediction methods used to calculate the 

upset rate [2-6]. The issue became more acute with the 

miniaturization of electronics in deep sub-micron 

technologies [7-10]. Through direct ionization, low 

energy protons (E < 3 MeV) can deposit in the device 

sensitive volume an amount of energy exceeding the 

critical charge. This mechanism is strongly enhanced for 

those protons with energy near the Bragg peak. That is, 

those protons that deposit their energy entirely in the 

sensitive volume.  

According to recent studies for space applications, low-

energy proton single-event effects are a large contribution 

to the error rate for technologies at and below the 45 nm 

node [11], and effects cannot be well-quantified, that is 

their cross-sections cannot be easily estimated, using 

alphas or other ions as a proxy [12]. This is particularly 

relevant for proton-rich environments, e.g., High-altitude 
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LEO trajectories or trajectories crossing Earth’s Van 

Allen Belts [13, 14]. It is also worth mentioning the 

importance for systems exposed to unshielded solar 

particle events, when low energy proton fluxes can be 

strongly enhanced [15, 16]. 

Low energy proton testing of electronic devices is a 

novelty that has only recently started to appear in space 

standards [1]. Although protons of these energies can be 

extracted from many Van de Graaf or Cyclotrons, there 

are only a limited number of facilities characterized for 

this application, and beamlines are not specifically 

designed for SEE testing, needing upgrade in terms of 

infrastructure and dosimetry instrumentation. For this 

reason, we have performed experimental work to equip a 

multipurpose beamline at the tandem facility of the 

Centro Nacional de Aceleradores (CNA) in Spain for this 

application [17]. 

In this context, we propose a detector based on a silicon 

diode to be used for the dosimetry of low energy protons. 

Silicon detectors are widely used in high-energy physics 

and nuclear physics experiments [18] and recent 

developments have been pushed by the application of 

digital acquisition systems [19, 20].  The detector, with 

some differences in the electronic chain, was used 

successfully for dosimetry of high energy neutrons and 

mixed field [21, 22], and ultra-high energy ions [23-25]. 

Here we present measurements performed with protons of 

energies in the range of 0.5-5 MeV. The detector allows 

for extending the measurable flux range of the facility to 

102 – 1012 cm-2s-1. 

These dosimetry measurements allowed for a study on 

proton direct ionization for SRAMs used in space 

applications [26]. In the present work, a selected case 

serves as an example to discuss the requirements for the 

dosimetry system.  
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II.  EXPERIMENTAL SETUP 

2.1  DESCRIPTION OF THE FACILITY 

The test campaign was performed at the CNA 3 MV 

Tandem laboratory, using protons of energies ranging 

from 500 keV to 5.9 MeV [27, 28]. 

To perform experiments with low energy protons the  

devices under test (DUT) need to be placed in vacuum and 

must be appropriately delidded before the test campaign 

to allow sufficient penetration to the sensitive volume. 

The beam is transported in vacuum (~10-6 mbar) from the 

tandem up to the irradiation chamber. Different electrical 

feedthroughs have been connected in order to bias and 

monitor “in situ” the response of the devices during the 

irradiation. 

In order to obtain low fluxes (lower than 108 cm-2s-1) 

and large uniform irradiation areas (e.g., 18 x 18 cm2, as 

in this campaign), a beam  sweeping technique is needed. 

This is achieved choosing the corresponding magnetic 

field intensity for the selected amplitude components in a 

2D beam-rastering system.  The two magnets of this 

system operate with 0.05 Hz out-of-phase frequency 

values in the range of 20-30 Hz. In this way, the beam, 

which has a pencil area of about 1 cm2 covers the entire 

surface in a recursive pattern with a good fluence 

uniformity (on the order of 90%). 

The sample holder assembly, with an aluminum 

variable slit in front, is electrically insulated from the rest 

of the line. This assembly is biased at 200-300 V, in order 

to collect the secondary electrons, and connected to a 

current integrator with the purpose of monitoring the flux 

in a Faraday Cup configuration. The lower limit of this 

instrument for measuring currents is roughly 50 pA, 

corresponding approximately to fluxes above 106 cm-2s-1 

considering this irradiation area. This lower limit is not 

defined by the sensitivity of the integrator itself, which 

could measure currents below 50 pA, but by the residual 

electromagnetic noise that is still present after the 

optimization of the setup.  

As we present in this work, a Si diode can be used for 

monitoring the flux in the complementary range 102 – 106 

cm-2s-1. 

2.2 DESCRIPTION OF THE DETECTOR AND ELECTRONICS 

The silicon detector is a fully depleted p-n junction 

diode manufactured by Micron Semiconductors Ltd. The 

geometry of the silicon (2 mm x 2 mm x 140 µm) features 

a square face, a ceramic printed circuit board (PCB) and 

a metal housing. 

In the vacuum chamber, the detector is connected to a 

low-noise current preamplifier (Cividec C2) with an 

analog bandwidth of 2 GHz and a gain of 40 dB. From the 

preamplifier the coaxial connections are fed through to 

the outside of the vacuum chamber. The reverse bias 

(+40 V) is given by an ORTEC model 710 bias supply. 

The signal output is fed to a channel of a CAEN digitizer 

model DT5751, 1 Gsample/s - 10 bits. This is used in 

oscilloscope mode: all the waveforms triggering above 

threshold are recorded, including their time stamps. The 

waveforms are then analysed offline. A schematic of the 

experimental setup is presented in Fig. 1. 

 

Fig. 1. Schematics of the experimental setup in the 

vacuum chamber (not to scale). 

 

The picture in Fig. 2 shows the Si diode mounted on the 

sample holding plate, next to a microelectronics DUT (an 

SRAM, 65nm, 16 Mbit, by Cypress - now Infineon - 

Reference CY62167GE30-45ZXI). Only one sample is 

irradiated in each test. A scintillator, also visible in the 

picture, is used in preparation of experiments for beam 

alignment. 

Although out of the scope of this work, it is worth 

mentioning that, when irradiating 1015 protons/cm2 on 

silicon detectors, displacement damage effects are 

 
 

Fig. 2. Picture of the devices under irradiation.  



expected. The changes in the silicon bulk will cause an 

increase of the reverse current as well as a decrease of the 

charge collection efficiency. Good reviews about 

displacement damage in silicon and their parametrization 

can be found in [29, 30]. 

III. MEASUREMENTS 

3.1 WAVEFORMS 

This signal processing chain has been designed to 

provide fast signals for high counting rate applications, 

where pile-up can be an issue. In fact, when operating in 

pulse mode “low currents” of a fraction of nA, i.e., fluxes 

up to 106 p/cm2/s, can be considered “high fluxes”. 

Moreover, the fact that the beam is sweeping a larger 

area, as explained above, means that the instantaneous 

flux during the sweep can be much higher than the 

average flux.  

Examples of measured waveforms induced by proton 

interaction in the silicon detector are shown in Fig. 3.  

Here one can see that the signals are very fast, < 10 ns 

wide (FWHM). 

 

The digital acquisition records a waveform each time a 

signal is above threshold. We defined these waveforms to 

be 200 ns wide. This value was chosen to be about 20 

times the length of a single pulse, in order to be long 

enough to capture multiple pulses trailing close together, 

but short enough not to overload the data buffer of the 

digitizer. Most of the times, there is a single pulse within 

this waveform, as in the example with multiplicity=1. In 

some cases, there are multiple proton-induced pulses in 

the same waveform, as in the other examples 

(multiplicity>1). In these cases the pulses can be easily 

discriminated off-line during the analysis by a simple 

algorithm that imposes a software threshold. In some 

cases pileup is still present: see as an example 

multiplicity=4 of Fig. 3, where the third pulse, despite 

being counted as one, is clearly due to pile-up. However, 

we find that these events are rare enough to be only a 

second order effect on the results, unless when the system 

is operating close to the higher flux limit. Fig. 4 represents 

probability distributions for three cases with relatively 

high flux. For example, with a flux of 2·104 cm-2s-1, we 

observe that 87% of the events have multiplicity = 1, 10% 

have multiplicity = 2, and only the remaining 3% have 

higher multiplicity. As the flux increases, the probability 

of multiplicity = 1 becomes smaller (here in the example 

it becomes 40% for 2·105 cm-2s-1). The probability of a 

larger multiplicity increases accordingly with increased 

fluxes.  

3.2 ENERGY CALIBRATION AND RESOLUTION 

When using a current preamplifier the deposited energy 

is proportional to the pulse area [21]. A calibration of the 

detector in its final setup was performed at CNA in 

vacuum using a triple-alpha source (239Pu, 241Am and 
244Cm), which features three alpha lines at the known 

energies of 5157 keV, 5486 keV and 5805 keV. The 

calibration spectrum is shown in Fig. 5 with Gaussian fits 

of the three peaks. The calibration in energy with the triple 

alpha source is obtained with a linear fit. The energy 

resolution (≈ 2 % FWHM) is good for such a fast digital 

electronic chain. A better resolution could be obtained 

with an analog spectroscopic chain (charge preamplifier 

and amplifier with µs shaping time), but this setup would 

not be able to handle high fluxes. In this case, there is a 

tradeoff between resolution and high counting rate 

capabilities. 

 

3.3  MEASUREMENTS OF PROTON DEPOSITED ENERGY 

Energy spectra of each irradiation run can be built to 

study the protons’ deposited energy. 

 
Fig. 3. Examples of proton waveforms as recorded by 

the 1 Gs digitizer during proton irradiation. 

 
Fig. 4. Frequency of occurrence of event multiplicity. 

Data is shown for three selected fluxes.  



Fig. 6 shows examples of runs in the whole energy 

range. Fig. 6a shows spectra in the range 1.5-3 MeV. 

According to the thickness of the silicon diode, protons 

with energy < 3 MeV are fully stopped within the silicon. 

Therefore, the main component of the spectra at these 

energies is the full energy peak. We can notice the good 

energy resolution and that there are some structures of 

lower energies, which could be protons with degraded 

energy, present in the beam due, for example, to 

interaction with the collimation slits.  Fig. 6b shows 

spectra in the range 0.5-1 MeV. Here the resolution is 

slightly compromised, due to the fact that for smaller 

signal the electronic noise is relatively more relevant. 

However, we can still notice that some peaks are 

definitely broader than others, in particular those with the 

most reduced flux. We can speculate that this could be 

associated with the beam transport.  Finally, Fig. 6c 

shows spectra for energies > 3 MeV. We can see that 

protons at 4 and 5 MeV are punching through the detector. 

The energy of the proton is not fully deposited and the 

peaks are larger due to straggling. It is interesting to see 

that for E = 4 MeV some residual of the full energy peak 

is still present, due to the deflection of protons to wide 

angles, which allows them to go through a longer path in 

the silicon and stop. 

 

Plotting, as in Fig. 7, the average measured proton 

energy vs. the nominal energy given by the accelerator we 

can confirm the linearity of the system, which is crucial 

for dosimetry. Here we included all the measurements 

where the full energy peak is present. 

 

 

 
Fig. 6. Energy spectra measured with a silicon diode 

under low energy proton irradiation at CNA.  

 
Fig. 5. Pulse area spectrum measured with a 

calibration triple-alpha source of 239Pu, 241Am and 
244Cm (top). Linear calibration of deposited energy 

as a function of pulse area (bottom). 



 

IV. DOSIMETRY RESULTS FOR SEE TESTING 

During this irradiation campaign, where the silicon 

diode has been used for dosimetry, three different 

commercial SRAMs, and a custom development SRAM, 

were tested. Details and results are presented in [26]. The 

data for all the SRAMs are in [31]. 

Here, in Fig. 8, we present, as an example, the results 

of one of the devices, a 65 nm-16 Mbit SRAM by 

Cypress, now Infineon, Reference CY62167GE30-

45ZXI. 

The important thing to notice is that the cross section 

spans over about 6 orders of magnitude. The peak region 

cross-section is caused by the fact that, after traversing the 

back-end-of-line, the protons have a residual kinetic 

energy of a few keV, i.e., very close to the Bragg peak. 

Therefore, the energy deposited can exceed, even by far, 

the critical charge. At higher energy, e.g., above 2 MeV, 

protons are not as affected and have more limited linear 

energy transfer. So, upsets by direct ionization are less 

likely and upsets by other mechanisms, e.g., nuclear 

elastic and inelastic scattering and electromagnetic 

Coulomb scattering are more likely [32], though FLUKA 

is currently not correctly equipped to reproduce SEUs 

from all these processes (thus the differences between 

experimental and numerical data above 2 MeV). 

The strong cross-section variability is what motivates 

the use of a wide range of fluxes. Fluxes in the range 102 

– 108 cm-2s-1 have been used in these tests. The silicon 

diode was necessary to extend the flux capabilities in 

terms of dosimetry to the range 102 – 106 cm-2s-1. 

It is relevant to notice the good agreement of FLUKA 

[33, 34] simulations (see [26] for details) with 

measurements, in particular in the range 0.5-2 MeV.  

As we can see, the upper limit of flux detection with the 

silicon in pulse mode is very close to the lower limit of 

detection of the Faraday cup. This is probably why we 

have a discrepancy of about a factor of 2 on the only point 

where both systems were operating effectively. However, 

we also notice that, if discarding this point, we have a 

smooth transition of the curve measured with the silicon 

diode and the one measured with the Faraday cup 

integrator. 

V. CONCLUSIONS 

It has been demonstrated how a silicon detector can be 

used for dosimetry of low energy protons in the 0.5-5 

MeV range. It was shown that a fast electronic chain is 

needed for operating in pulse mode. The system was 

calibrated with an alpha source, enabling measurements 

of the deposited energy of protons. The dosimetry 

provided by the silicon diode allowed extending the flux 

range of the facility, resulting in the successful study of 

SEE cross sections of selected SRAMs. 
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