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Several fields such as particle physics, space exploration, and high-energy physics, use Commercial Off-
The-Shelf (COTS) electronic components in a high-radiation operative environment. These operating 
conditions can cause significant damage to electronic circuits, affecting their operational features 
and thus the reliability of the entire facility. Qualifying and characterizing these components against 
radiation is essential to ensure their proper functioning in harsh conditions. This study investigates 
the effect of stress-testing electronic components used in high-radiation environments with various 
types of radiation sources. The components were exposed to gamma rays, laser-driven protons, 
conventionally accelerated protons, and neutrons, analyzing the devices parameters after different 
irradiation conditions. The results indicate significant degradation in electrical performance due to 
radiation-induced defects and significant variations of the effects at same dose delivery. We show that 
laser-driven proton irradiation achieves equivalent stress-testing with doses two orders of magnitude 
lower and much quicker than other radiation sources, demonstrating a much higher stress-testing 
efficiency.
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Electronic devices are crucial to modern technology but can suffer severe performance degradation due to 
radiation, especially in applications such as particle and astroparticle physics, space exploration, and high-energy 
physics. These high-radiation environments can cause significant damage to electronic circuits, affecting their 
operational features and reliability. Thus, characterizing electronic devices and radiation detectors is essential 
to ensure their proper functioning in such conditions. Understanding how components behave in radiation 
environments, including exposure to ionizing radiation and electromagnetic waves, is vital. Electromagnetic 
waves interacting with semiconductor devices can produce Electromagnetic Pulse (EMP) effects, spanning 
a broad spectrum from very low frequencies below one hertz to ultrahigh frequencies up to 3 GHz. These 
interactions can induce harmful current and voltage surges, potentially causing electrical or thermal breakdowns, 
though these effects are typically temporary, and systems may return to normal operation after the pulse ends1,2. 
Besides EMPs, electronic devices can also be subjected to ionizing radiation effects. These effects are broadly 
divided into Single Event Effects (SEEs) and gradual cumulative effects3,4. SEEs occur due to the passage of a 
single particle depositing energy in the device, potentially causing immediate failures such as memory upsets 
or burnout. SEEs can happen at any time during the operational period in a radiation environment and may be 
destructive or non-destructive. In contrast, cumulative damage results from the radiation dose accumulated over 
the device’s lifetime, becoming significant with prolonged exposure. This type of damage is classified into Total 
Ionizing Dose (TID) effects, which arise from particle/photon energy loss due to ionization, and Displacement 
Damage (DD) effects, caused by atomic displacement or bulk damage within the material, as a result of Non-
Ionizing Energy Loss (NIEL) processes.
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Electronic systems are often used in high radiation environments such as ignition facilities, nuclear plants, 
space and high luminosity machines5–7. In such hostile environments, there has been a growing interest in 
Commercial Off-The-Shelf (COTS) components8–10, as they are much cheaper than radiation-hardened and 
radiation-tolerant alternatives, are readily and easily available, and demonstrate very good electrical performance. 
However, they are not qualified by the manufacturer for radiation resistance. For this reason, it is essential to 
qualify these electronic devices before use and to thoroughly understand the radiation effects on them.

Bipolar junction transistors (BJTs), which are commonly made from silicon, are sensitive to both TID and 
DD11,12. Due to their physical structure and inherent operation, BJTs are more vulnerable to charge accumulation 
and crystal defect creation under radiation exposure. At the relatively low irradiation energies employed in our 
experiments, SEEs – including single event latchups, are generally unlikely to occur in bipolar BJTs due to their 
inherent device structure and current collection mechanisms, which make them less sensitive to the transient 
disturbances caused by individual radiation events13,14. SEE characterization on BJTs requires specialized testing 
facilities that are not always readily available, and the particles/photons used in the irradiation tests for this study 
are not suitable for investigating SEEs15. For these reasons, this paper focuses on investigating the damage caused 
by TID and DD effects, without limiting the validity of the results. The NIEL (or DD) dose deposited from 
gamma, neutron and proton exposure was assessed using sr-niel calculators16 developed by the Italian Space 
Agency (ASI) under the ASI Supported Irradiation Facilities (ASIF) program17.

Recent advances in radiation sources based on laser-driven accelerators, offer compact and time-efficient 
alternatives to conventional methods18: by focusing an ultra-intense (I > 1018 W/cm2) ultra-short (fs) laser pulse 
onto a thin foil, ions can be accelerated through laser-plasma interaction19,20, particularly with the Target Normal 
Sheath Acceleration (TNSA) mechanism21. This method can routinely accelerate protons up to tens of MeV22,23, 
useful for various applications. Current applications for which these particles offer unique prospects include 
astrophysics24,25, their use as bright ultra-short neutron sources26–28, fusion studies29–32, picosecond metrology33, 
an utilization in medicine34–36, as diagnostics in the cultural heritage37,38, for stress testing materials18,39 for 
advanced material synthesis40,41.

While different efforts have been made to stress test materials using laser-accelerated particles and to analyze 
the generation of strong electromagnetic pulses generated during the interaction, the understanding of the 
effects of laser-accelerated proton irradiation on electronic components is still outstanding. Here we validate 
and optimize this stress testing method and compare the results with those from more conventional radiation 
sources to provide guidelines for using this novel source.

In this paper, COTS BJTs were characterized before and after exposure to various radiation sources, to 
evaluate their radiation resistance properties in harsh operation environment. Despite MOS technologies being 
more common for integrated circuits, BJTs remain widely used due to their high performance in amplification 
and switching applications42–45 and provide a solid base for investigations that can easily be transferred. We 
compared the effects of various radiation sources, including laser-accelerated protons, with conventional sources 
such as gamma rays, neutrons, and protons accelerated by conventional radio-frequency based accelerators. 
Our findings indicate that laser-driven protons are characterized by very high dose delivery efficiency, as 
they induce damage comparable to that of conventional sources in a very short time and delivering less dose, 
making them a highly effective tool for stress tests. If one would apply a similar reasoning as for radiobiological 
studies concerning radiobiological effectiveness (RBE)46, laser-driven protons have a much higher stress-testing 
effectiveness than other sources.

Pre- and post-irradiation characterizations assessing changes in relevant parameters of BJTs like current gain, 
leakage currents, saturation voltages, and IC-VCE characteristics are presented, with particular attention given 
to the study of current gain, a fundamental parameter for characterizing the performance of BJTs that is most 
affected by radiation12,13,47. The results obtained from thermal annealing tests conducted to evaluate the potential 
recovery of the studied parameters, as specified in the ESA standard48, are also included (see Supplementary 
Materials). This analysis is crucial for developing more robust electronic components that maintain reliable 
operation in high-radiation environments, ensuring the longevity and functionality of future technological 
advancements, as well as validating and optimizing other innovative stress test sources.

Methods
In order to have a representative device for the testing we focused the investigation on BJTs of the type NPN 
2N2222A in a TO-18 package. This choice was driven by the proven reliability, suitable thermal characteristics, 
and established performance under radiation of this device, making it an optimal choice for our testing objectives. 
Parametric tests of the BJTs were conducted using a LabVIEW test program in collaboration with the company 
IMT s.r.l.49 that has a wide experience in testing electronic components and in developing advanced systems 
for different clients in the space industry. A Keysight B2902A Precision Source/Measure Unit was employed to 
source and measure both current and voltage of the devices under test. The BJTs were characterized before and 
after irradiation to evaluate changes in their electrical parameters. Specifically, 55 BJTs of the same batch were 
used. The focus was on the current gain (β) behavior, as the degradation of β is a primary concern regarding the 
reliability and performance of such devices. The current gain was measured at a fixed collector-emitter voltage 
(VCE) of 10 V across five different collector current (IC) values as reported in Table 1.

To assess radiation resistance properties of the devices, the dose values at which the current gains exit 
nominal specifications provided by datasheets50 were determined and chosen as reference to compare different 
radiation sources.

Additionally, electrical measurements involving leakage currents and saturation voltages evaluation and IC-
VCE curves determination were conducted. The test conditions for cutoff currents and saturation voltages are 
summarized in Table 2.
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Irradiation facilities and samples preparation
Gamma irradiation tests were performed at the Calliope gamma irradiation facility equipped with 60Co gamma 
source (mean energy 1.25 MeV) of the ENEA Casaccia R.C. (Rome, Italy)51 with a dose rate of 1.1 kGy(Si)/h 
(dose rate measured in silicon) up to approximately 500 kGy. Gamma exposure was performed in air at room 
temperature according to ESCC Basic Specification No. 22900. All the samples were biased during irradiation.

Neutron and proton irradiations were conducted at the ENEA Frascati Research Center using the Frascati 
Neutron Generator (FNG)52,53 and the low energy vertical extraction line of the TOP-IMPLART54,55 facility, 
respectively. Specifically, three values of 2.8 MeV (energy spread 0.2 MeV) proton fluences (3.38–109 p/cm2, 
3.38–1010 p/cm2 and 1.3–1011 p/cm2) were used. Regarding neutron irradiation, the tests were conducted with 14 
MeV neutrons using different fluences (2–109 n/cm2, 2–1011 n/cm2, 2–1012 n/cm2, 1–1013 n/cm2, 2–1013 n/cm2). 
Neutron and proton irradiation tests were performed in air and all the samples were unbiased during irradiation. 
To prevent energy loss of protons in the samples lid, the BJTs were decapped for protons irradiation56. Before the 
irradiation test, all samples underwent characterization following the opening procedure.

Laser-driven proton irradiation was carried out at the Advanced Laser Light Source (ALLS) ion beamline 
of the Institute national de la recherche scientifique (INRS) located in Varennes (Montreal, Canada)57 where 
a 200 TW laser is available enabling laser-driven proton acceleration58. The irradiation tests were performed 
with a varying number of laser shots (1, 5, 50, 100, 250, 400). A typical proton spectrum obtained during the 
experiment is shown in Fig. 1.

Laser-driven protons irradiation tests were performed in vacuum and all the samples were unbiased during 
irradiation. As well as for conventional proton irradiation tests, the BJTs were decapped to conduct laser-driven 
proton irradiation.

Given that the employed radiation sources are heterogeneous, the irradiation conditions are defined using 
various parameters, namely 60Co deposited dose, number of shots, proton fluence, and neutron fluence. To 
facilitate comparison of the obtained results, the following section outlines the procedure used to determine the 
dose delivered by all the employed radiation sources. Specifically, both the NIEL and TID contributions to the 
deposited dose were considered.

Dose contributions evaluation
Since bulk and surface effects can be regarded as independent of each other, both the dose deposited by ionizing 
processes and non-ionizing processes were studied for all the radiation sources. Specifically, the sum of these two 
contributions gives the total deposited dose Dtotal, as follows:

	 Dtotal = DTID + DNIEL� (1)

where DTID is the dose deposited by ionizing processes, while DNIEL accounts for the dose released after non-
ionizing processes.

Gamma radiation deposits energy in matter mainly through ionization processes since 60Co photons (mean 
energy 1.25 MeV) cannot directly induce displacement damage. However, photons can produce electrons that 
have sufficient energy (about 260 keV59) to induce DD. The dosimetric systems used at the Calliope facility51 
provide the value of the total deposited dose, in this case Electron Spin Resonance (ESR)-alanine dosimeters 
and Fricke solution were employed. The single contribution of the NIEL dose was obtained through calculations 
involving the spectrum of Compton electrons generated by the interaction of gamma radiation with the 
irradiated sample. Specifically, the electron spectrum generated within the sample after exposure was calculated 
with a Monte Carlo N-Particle® (MCNP®) code60 (for details about the simulation, see Supplementary Materials). 

Cutoff currents Saturation voltages

ICBO1 VCB = 75 V VCE(sat)1 IC = 150 mA, IB = 15 mA

ICBO2 VCB = 60 V VCE(sat)2 IC = 500 mA, IB = 50 mA

IEBO1 VEB = 6 V VBE(sat)1 IC = 150 mA, IB = 15 mA

IEBO2 VEB = 4 V VBE(sat)2 IC = 500 mA, IB = 50 mA

ICEO VCE = 50 V

Table 2.  Test conditions for cutoff currents and saturation voltages measurements.

 

Test Current gain β Collector current IC

1 β1 0.1 mA

2 β2 1 mA

3 β3 10 mA

4 β4 150 mA

5 β5 500 mA

Table 1.  Collector current’s test conditions for current gain measurements. The current gain evaluation tests 
were conducted with a fixed VCE = 10 V.
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Subsequently, the NIEL dose deposited in the sample by electrons was computed using a calculator available on 
the Italian Space Agency (ASI) website61. The calculator requires inputs such as particle type, energy spectrum 
and the target material and gives a NIEL dose value (in Gy). By utilizing the NIEL function12 of the incident 
particle, it provides the corresponding NIEL dose. As example, after one hour of gamma irradiation of a BJT, 
a NIEL dose DNIEL ≃ 8 · 10−3 Gy is deposited within the silicon region of the BJT. The corresponding total 
absorbed dose Dtotal is 1 kGy.

The total dose deposited by 14 MeV neutrons was obtained by considering the quantity Kinetic Energy Release 
in MAtter (KERMA) K expressed in Gray62. The kerma coefficient k for 14 MeV neutrons in silicon was obtained 
from the table reported in63 and therefore, it was possible to obtain the K factors corresponding to different 
neutron fluences. For example, for a neutron fluence Φn = 2–1012 n/cm2 the kerma factor is K ≃ 25 Gy (i.e. Dtotal 
≃ 25 Gy). The NIEL deposited dose was obtained with the ASI64, using the neutron fluence, neutron energy and 
sample material. For a neutron fluence of 2–1012 n/cm2, it is about DNIEL ≃ 1.2 Gy.

The 2.8 MeV protons produced by the TOP-IMPLART facility are completely absorbed by the silicon layer 
of the transistor die. Therefore, the total dose (including both ionizing and NIEL contributions) deposited by 
a given fluence of 2.8 MeV protons was calculated using the dose at the transistor entrance, as given by the 
following formula:

	
Dtotal = dE

dx
|2.8 MeV · Φp · 1.6 · 10−10� (2)

where dE/dx|2.8MeV is the stopping power of 2.8 MeV proton in silicon, Φp is the proton fluence and 1.6–10−10 
accounts for the conversion factor from MeV to Joule to obtain the dose value in Gray. The NIEL deposited dose 
was computed with the ASI calculator using the proton fluence, the proton energy and the sample material65.

To evaluate the dose deposition from protons obtained by a single laser shot, a custom made Matlab® code18, 
based on the stopping tables provided by the software SRIM66, was used, that had been previously benchmarked 
with EBT type radiochromic films67. The Matlab® code models the energy deposition from a charged particles 
beam within a sample, resulting in temperature rise. The increase of temperature is related to the absorbed dose 
in a given volume of the sample by the formula: D = cp ΔT, where D is the deposited dose, cp is the sample’s 
material heat capacity and ΔT is the correspondent increase of temperature. The code takes as input the beam 
parameters (energy and protons number), the distance between the proton source and the sample, and the 
sample features. Regarding the dose deposited by NIEL processes after a single laser shot, it was obtained using 

Fig. 1.  Routinely available proton spectrum per steradian at the ALLS ion beamline.
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the ASI calculator68, as performed for electrons in the previous section. For a single laser shot, the NIEL dose 
deposited in the sample is DNIEL

shot = 2.5–10−3 Gy.
The ratios of Dtotal to NIEL dose for the employed radiation sources, as obtained in this section, are summarized 

in Table 3. This parameter was useful to interpret the results, as will be shown in the following section.

Results and discussion
Radiation resistance properties
As mentioned before, we considered different characteristics of the BJT when looking at its behavior towards 
stress-testing. We will look firstly, at the IC-VCE characteristics and then at the current gain for different 
irradiation methods. BJT characteristics such as cutoff currents and saturation voltages were also analyzed (see 
Supplementary Materials). They show that these device parameters are only slightly affected by radiation for all 
radiation methods.

As first radiation source we consider gamma radiation. The IC-VCE characteristics for all the gamma 
irradiation conditions at a fixed base current value of IB = 50 µA (this IB value ensures that the device operates 
in a linear region and provides a representative characterization of its response to radiation effects) are shown 
in Fig. 2a.

One can observe that the values of the IC vs VCE curves decrease with increasing radiation dose, while the 
general shape of the IC behavior as a function of VCE remains unchanged. This indicates a reduction in current 
amplification, which is further confirmed by the analysis of the current gain, β. After gamma irradiation the 
current gain shows significant degradation for all the analyzed collector currents (see Fig.  2b). Specifically, 
the current gains β1 (measured for the lowest collector current of 0.1 mA) and β5 (highest collector current, 
500 mA) decrease until reaching a constant value after 120 kGy of absor bed dose. For β2 (IC = 1 mA) the 
variation in current gain stabilizes after 72 kGy absorbed dose, while β3 and β4 decrease after each irradiation 
step. According to the sample datasheet50 that fixes the acceptable ranges for the different current gains, β1 and 
β2 exit the acceptable range after 10 kGy of absorbed dose, β3 and β4 after irradiation of approximately 2 kGy and 
β5 remains within datasheet’s specification until around 100 kGy.

We now look at neutron irradiation. The IC-VCE curves obtained before and aft er neutron irradiation remain 
unchanged until a neutron fluence of 2–1011 n/cm2 and then the IC values decrease with increasing neutron 
fluence, as shown in Fig. 2c.

The results obtained for the current gains are shown in Fig. 2d. All the β values are unaffected up to a neutron 
fluence of 2–1011 n/cm2, after which they begin to decrease. β5 remained within specifications even at the highest 
neutron fluence irradiation condition. However, β1 and β2 deviated from the allowed ranges specified by the 
datasheet after reaching a neutron fluence of approximately 3.5–5·1012 n/cm2, and β3 and β4 after reaching 
a fluence of approximately 2–1012 n/cm2. Moreover, it can be observed that experimentally, at low collector 
currents (< 10 mA) the device’s current gain degrades more severely due to the predominance of surface and 
interface effects. Conversely, at higher collector currents (> 50 mA) performance worsens because bulk damage 
in the structure becomes dominant. In our case, one can observe that the β1 and β2 parameters deteriorate much 
more rapidly under TID damage than under DD damage—even though no reversal of trend is evident for DD. 
This aspect will require further in-depth study in future work. It shall be noted that, as reported in the literature, 
passive mode can still provide informative data on TID effects in bipolar devices69,70.

We compare these results with what was obtained using conventionally accelerated protons. The IC-VCE 
characteristic curves before and after irradiation with conventional protons show that the collector current values 
remain unchanged after proton irradiation with a fluence of 3.38–109 p/cm2, and then they start to decrease as 
the proton fluence increases (Fig. 3a).

The results for the current gains are shown in Fig. 3b. The lowest value of proton fluence does not affect 
the current gain for all conditions of collector currents. After irradiation at 3.38–1010 p/cm2, the β values 
corresponding to collector currents IC of 0.1 mA, 1 mA, and 10 mA show a decrease, indicating a worsening of 
the BJT functioning. However, up to this proton fluence, all the β values remain within the acceptable range. 
After irradiation at 1.3–1011 p/cm2, the devices were completely damaged as the current gain values went out 
of the ranges allowed by the sample datasheet. Finally, we irradiate the samples with laser-accelerated protons. 
Since every shot produces, within errorbars, the same dose, in some cases we cumulated over several shots to 
have higher dose depositions, namely over with 1,5 and 50 shots. Based on measurements, and with the adopted 
configuration, the average dose deposition is 3.5 Gy per shot. After 50 shots the gain values reach their minimum 
(worst operating point) and cannot be further degraded as tested using 100, 250, and 400 laser shots. From the 
IC-VCE characteristic curves before and after irradiation with laser-driven protons, as for the other irradiation 
sources, a decrease in collector current can be observed with increasing dose (Fig. 3c). Similar conclusions can 
be drawn from the behavior of current gains after irradiation. Figure 3d depicts the curves corresponding to the 
current gains β. From Fig. 3d, it is evident that after a few laser shots, the current gain values exit specification 
limits: specifically, β3 and β4 (with a minimum value of 100) goes out of limits after approximately 2 shots, while 

Gamma Neutrons Conventional protons Laser-driven protons

Dtotal/DNIEL 105 101 103 103

Table 3.  TID and NIEL dose ratios for gamma radiation, neutrons, protons from conventional accelerator and 
laser-driven protons.
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β1 and β2 (with minimum values of 50 and 75, respectively) will do so after 3–4 shots. β5 remains within the 
allowed range until 5 shots.

All the samples were examined with a Scanning Electron Microscope (SEM) before and after irradiation 
to detect any morphological changes on the silicon die, but no appreciable modifications were observed (see 
Supplementary Materials). Hence, we can deduce that the ionizing radiation causes substantial degradation 
in the electrical performance of BJTs without changes in its morphology. The primary mechanism for this 
degradation is the introduction of radiation-induced defects at microscopic level which translates in current 
gain degradation at macroscopic level. In Fig. 4, the scheme of a base-emitter junction of an NPN BJT is shown. 
Before irradiation, the junction appears as is Fig. 4a. The defects induced by TID and DD dose are shown in 
Fig. 4b. Specifically, TID induces surface defects, typically at the silicon/silicon oxide (Si/SiO₂) interface (see blue 
“x” representing interface trapped charges in Fig. 4b) or on the silicon die surface (see the red “+” representing 
positive oxide trapped charges in Fig. 4b), acting as recombination centers for charge carriers. In contrast, DD 
dose induces bulk defects: in Fig.  4a, before irradiation, the atoms are ordered (represented by green "X"s), 
while in Fig. 4b, after irradiation, the disordered "X"s indicate bulk defects, disrupting the atomic structure. This 
creates interstitial-vacancy pair and/or cluster of defects which harm the functioning of the device.

However, the type and extent of damage varies depending on the radiation source and type of BJT, as will be 
detailed in the next section.

Dose delivery efficiency
The threshold levels, in terms of Dtotal, DTID and DNIEL calculated according to the procedures described in 
Section “Dose contributions evaluation”, at which the components functioning is compromised (current gain 
exit specification), are reported in Table 4. Only the current gain β is considered, rather than the full IC-VCE 

Fig. 2.  IC-VCE characteristic curves of BJTs before and after (a) gamma irradiation at different absorbed dose 
values and (c) neutron irradiation at different neutron fluence levels. Trends of current gain β as a function of 
the (b) dose deposited by gamma radiation and d) of neutron fluence measured at IC = 0.1, 1, 10, 150, 500 mA. 
Error Δ(β): (± 4%).
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characteristics, because β provides a more direct and quantifiable measure of the transistor performance 
degradation due to radiation effects. While the IC-VCE curve provides a detailed view of the transistor behavior 
over a range of operating conditions, the reduction in β is typically sufficient to indicate the onset of performance 
loss, as it directly reflects the efficiency of charge carrier amplification and is more sensitive to radiation-induced 
damage in the transistor. Since β5 not always exits specifications up to the investigated irradiation conditions, 
only β1, β2, β3 and β4 are shown.

Among all irradiation methods, gamma radiation requires the highest value of total absorbed dose (up 
to 8 kGy) to cause the gain value to exit technical datasheet specification, while laser-driven protons require 
significantly lower doses (up to 13.6 Gy) to achieve similar effects. Conventional protons and neutrons also 
showed considerable differences in their dose requirements, with neutrons depositing total absorbed dose values 
approximately two orders of magnitude lower than conventional protons for similar effects on the BJTs. As also 
indicated in other papers using conventional proton accelerators for stress testing71, we expect the effect, once a 
threshold dose has been overcome, to be almost linearly scaling with irradiation dose. As such, within a certain 
margin, a radiation equivalence can be established between the two irradiation methods. The applicability 
to other types of electronic components is easily transferable, since they all depend on basic semiconductor 
technology/components such as found in BJTs.

The observed differences in dose efficiency between ionizing and non-ionizing radiation are primarily due to 
the distinct mechanisms by which each type of radiation affects semiconductor materials, as well as the different 
ratios of Dtotal/DNIEL (see Table 3). Although the NIEL dose values are much lower than the doses deposited 
by ionizing radiation processes, the impact of the NIEL dose is far from being negligible and, in certain cases, 
results in greater damage than the ionizing dose.

Fig. 3.  IC-VCE characteristic curves of BJTs before and after (a) conventional proton irradiation at different 
proton fluences and (c) laser-driven proton irradiation at different numbers of shots. Trends of current gain 
β as a function of the (b) proton fluence and (d) of laser shots measured at IC = 0.1, 1, 10, 150, 500 mA. Error 
Δ(β): (± 4%).
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While TID primarily affects the surface layers of the material, inducing charge accumulation and surface 
recombination centers, the NIEL dose causes significant disruption within the bulk material of the semiconductor. 
The NIEL-induced bulk defects, such as point defects, dislocations, and interstitials, disrupt the crystal lattice 
and impede charge transport. These effects lead to a more pronounced degradation of the device’s electrical 
performance, particularly affecting the current gain β. The correlation between current gain degradation and 
bulk damage is also supported by the literature47. Nonetheless, TID-induced effects at the surface and interfaces 
should not be underestimated, as the hole yield from primary recombination processes can still play a role, even 
if it is not the dominant mechanism in the phenomena investigated in this study.

As expected from the literature11, the NIEL contribution to the total absorbed dose due to neutron irradiation 
is the largest in percentage compared to the other employed radiation sources (Tables 3 and 4: one order of 
magnitude between NIEL and total dose, while three/four orders of magnitude occur for protons and five 
for gamma radiation). Consequently, lower total absorbed doses of neutrons are required to cause the same 
effects on the devices. Conversely, higher total absorbed dose values of gamma radiation are required since 
the NIEL dose contribution is approximately five orders of magnitude lower than the ionizing one, confirming 
that high gamma radiation levels are required to cause bulk damage72. Looking at the current gain degradation 
obtained after irradiation of NPN bipolar transistors with laser-driven protons and protons from conventional 
accelerators, a difference of two orders of magnitude in total absorbed dose is required while both sources had 
very similar energy ranges (approximately 0.7 MeV to 5 MeV for laser-driven protons and 2.8 MeV with a 
0.2 MeV energy spread for TOP-IMPLART protons). Considering the threshold values for β1, approximately 

Gamma Neutrons Conventional protons Laser-driven protons

β1

Dtotal 8 kGy 62.5 Gy 1.23 kGy 13.6 Gy

DTID 8 kGy 59.5 Gy 1.23 kGy 13.5 Gy

DNIEL 0.06 Gy 3.0 Gy 0.28 Gy 0.01 Gy

β2

Dtotal 7 kGy 43.8 Gy 890 Gy 10.2 Gy

DTID 7 kGy 41.7 Gy 890 kGy 10.2 Gy

DNIEL 0.06 Gy 2.1 Gy 0.21 Gy 0.01 Gy

β3

Dtotal 3 kGy 31.3 Gy 839 Gy 6.8 Gy

DTID 3 kGy 29.8 Gy 856 Gy 6.8 Gy

DNIEL 0.02 Gy 1.5 Gy 0.19 Gy 5.0–10–3 Gy

β4

Dtotal 600 Gy 25 Gy 685 Gy 6.8 Gy

DTID 600 Gy 23.8 Gy 685 Gy 6.8 Gy

DNIEL 5.0–10–3 Gy 1.2 Gy 0.14 Gy 5.0–10–3 Gy

Table 4.  Values of dose deposited (Dtotal, DTID, and DNIEL) after irradiation with gamma radiation, 
conventional protons and neutrons, and laser-driven protons, after which the gain values go out of 
specifications for the previously investigated BJTs. The values error is ± 5% and accounts for uncertainties in 
dose estimation and the extrapolation of dose values.

 

Fig. 4.  Simplified scheme of a base emitter junction of a NPN BJT (a) before and (b) after irradiation.
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0.7–1011 protons, conventionally accelerated, were required to induce comparable damage in the BJT’s active 
region, while approximately 0.8–1011 protons, delivered over four laser shots using the ALLS proton spectrum, 
were needed when using laser-accelerated particles. A significant distinction lies in the total irradiation time and 
pulse length between laser-driven and conventional proton bunches. The TOP-IMPLART proton beam has a 
pulse length of about 15 μs, delivering approximately 107 protons per pulse to the sample’s active region. Thus, it 
required approximately 104 pulses over 400 s (with a pulse repetition frequency of 25 Hz) to deliver 1011 protons 
from the TOP-IMPLART source and provide the necessary dose to the sample.

In contrast, the pulse length of the laser-driven protons, considering the samples were positioned at 23.5 
cm from the TNSA target and that the protons’ velocity depends on their energy, ranging from approximately 
0.7 MeV to 5 MeV in this case, was found to be approximately 13 ns. This means that approximately 0.2–1011 
protons are delivered within tens of nanoseconds when irradiated using laser-driven protons. To perform four 
shots, given a repetition frequency of 0.65 Hz, approximately 8 s were required, an order of magnitude less.

As such, laser-driven protons are much more efficient regarding dose delivery and can be considered having 
a higher “stress-testing efficiency” than other radiation sources. This “efficiency” is due to the rapid delivery of 
protons in a short time frame: laser-driven protons can cause intense mechanical and thermal damage within a 
very short timeframe, preventing material recovery and potentially leading to device malfunction due to silicon 
degradation. Similar behavior has already been identified in quick radiation therapy methods, e.g. the FLASH-
therapy73, where it has been demonstrated that a short but intense irradiation can be much more efficient than an 
equivalent dose given over continuous irradiation. Hence, the laser-driven method paves the way for testing and 
producing more robust electronic components that can withstand the rigors of extreme environments. This will 
ensure the reliability and longevity of future technological advancements in space, particle physics, and beyond.

Data availability
All data are available in the main text or the supplementary materials, or upon request to the corresponding 
authors.
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