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Introduction 
It is important to underscore a few general concepts which help understanding the nature of linear energy transfer (LET) and the procedures for applying it in the framework of the therapeutical ion beams. 
One of the main objectives of this work is to establish the relationship between measurable quantities, which are inherently affected by the stochastic nature of energy-deposition processes, and LET, which is a deterministic quantity associated with the radiation field. Achieving this goal first requires a clear definition of the specific LET quantity of interest. This task is complicated by the fact that the term LET is used to describe a range of related quantities, each based on different averaging procedures and often represented in different ways within the literature.
A large part of the chapter characterizes the ionizations[footnoteRef:2] coming either from collisions of the primary ions or secondary electrons. Emphasis is put, at first, on distinguishing the concepts of unrestricted and restricted LET and on the implementation of measurements linked to LET. [2:  In this discussion, the term ionization is used in a broad sense, even though charge generation in semiconductor detectors does not strictly involve ionizations but rather the release of charge carriers through collision processes. A more accurate expression in that context would be charges freed in collisions. However, the primary focus of this work is the interaction of charged particles in biological tissue, where true ionizations are indeed produced. For the sake of readability and to avoid cumbersome phrasing when this concept is referenced repeatedly, the term ionizations is retained throughout the text.] 

A note about notations: Originally, LET was used as an abbreviation, while the symbol representing the quantity and its associated formulas traditionally employed the notation L. In recent years, however, the use of LET has increasingly appeared directly within formulas and is now encountered regularly in the radiation therapy and dosimetry literature. Despite this trend, the original notation of L is still retained in recent ICRU reports, and this document adopts the same convention for the sake of consistency with established metrological standards and radiation units.
1. Context and background
LET accounts for energy transferred by ionizing particles to the electrons of the medium. Three categories of charged particles may ionize the medium: primary ions, secondary electrons, and nuclear fragments. 
The energy transferred is assumed to be proportional to the number of ionizations generated. The W-value, which expresses the mean energy required to create a pair ion/electron (or hole/electron) may vary noticeably with the projectile ion’s energy and type but is approximated, in this discussion, to be constant, independently on the characteristics of the charged particles. The W_‑value is then considered as the constant which converts the number of ionizations measured to the energy exchanged. In the matter crossed by the radiation before the site of interest, nuclear interactions produce a non-negligible contribution of nuclear fragments which increase with the penetration depth; however, these contributions are not considered in the present study, which focuses exclusively on primary ions and secondary electrons 
Track structure, in ionizing radiation, refers to the spatial distribution of energy deposition events as charged particles traverse a medium. It represents the stochastic pattern of ionizations and excitations created by the passage of the ion, which is very heterogeneous. Biological effects are related to the pattern of the energy lost along the track; several biological models estimate cell lesions and death in relation to the spatial distance between multiple ionizations. Geometrically speaking, the track structure is the result of two different patterns of ionizations due to primary ions and secondary electrons. The ionizations from primary particles occur within a few nanometers from the track. Instead, the secondary electrons have very variable ranges and are emitted with various angles; the ionizations, although concentrated around the track, may occur hundreds of micrometers away. In the core of the track, the ionizations are dense and are caused by primary particles and low-energy secondary electrons. In the penumbra, at the periphery, the ionizations are caused exclusively by the secondary electrons of higher energy (delta rays). 
Estimating unrestricted LET requires addressing the complexity of particle track structures. While computational approaches are feasible, experimental assessments using detectors present significant challenges, particularly due to their limited cross-sectional area. When the primary particle traverses the detector’s volume, some delta rays may escape, and, in that case, the measurement cannot relate to unrestricted LET. For further considerations about the maximum energy of delta rays produced in the collisions, see Chapter “red” on definitions. 
A proper estimation of energy lost and consequently of unrestricted LET can be achieved by assessing the energy of the primary particle immediately before and after traversing the target. However, experimental setups for such measurements are highly complex, and careful considerations are required to ensure that any energy loss unrelated to electronic collisions is negligible.
An imperfect correlation between restricted LET and the detector measurements can be done keeping in mind that, for LET, the cut-offs of contributions are specified by the delta-ray energy while, for detectors, they are determined by the geometrical limits of their sensitive volumes. 
If the primary particle passes just outside the sensitive volume, the detector captures some delta rays produced, which, in this document, are referred to as delta rays “detected in non-coincidence with primary ions” or simply “non-coincident delta rays”. In the computation of the LET they contribute as independent events of energy deposition. The relative number of delta rays escaping or entering the sensitive volume is the parameter to study when indicating whether the LET measured is restricted or unrestricted.
2. Conceptual variants of LET distributions in the literature
The term “LET distribution” is used in several conceptually distinct ways across radiation and medical physics. To place the present work within a consistent framework and avoid ambiguity, we outline three common interpretations and the relationships among them represented in figure 1.  
2.1. Three distinct interpretations
First, the full energy-loss distribution for particles of identical type, energy, and direction characterizes the stochastic spread of energy lost in electronic collisions while traversing a material over an infinitesimal path length. “Full” indicates that all energy carried by delta rays is included without any energy cutoffs. The unrestricted linear energy transfer, LET​, is obtained as the expectation value of the energy loss per unit path length from this distribution, with no delta-ray energy restriction. This averaging represents the transition from the stochastic framework of the random collisions to the non-stochastic domain represented by the unrestricted LET so that, particles with given type and energy are associated with a unique unrestricted LET value. In the Green chapter, examples of energy-loss distributions are presented and discussed. As the reference thickness increases from the nanometer to the micrometer scale, the shape of the distribution evolves accordingly, transitioning from an asymptotic form to the characteristic Landau profile shown in figure 1, left.
Second, the density distribution of LET values within an irradiated volume reflects the heterogeneity of the mixed radiation field incident on that volume and has lost any dependence on the stochastic nature of single interactions. In clinical irradiation, this distribution arises from the combined contributions of particles with different types, directions, and energies as a result of the incident beam characteristics as well as energy-loss straggling and secondary particle production upstream the detector. LET density distributions can be expressed either as frequency function, f(L), or as dose function, d(L). These representations are used to derive the track-averaged LET (L̄T​) and the dose-averaged LET (L̄D), respectively, using the known equations:
	
	


	

(Eq. 1)



Third, the spatial distribution of L̄D represents the voxel-wise mapping most commonly used in treatment planning. In each voxel, L̄D is derived from the local dose-density LET distribution described above, resulting in a non-stochastic field of L̄D ​ values defined over the target in a discretized three-dimensional grid. Because the voxel dimensions are on the millimeter scale, substantially larger than the microscopic volume over which L̄D ​ is inherently defined, the resulting voxel-level values should be interpreted as averages of multiple microscopic contributions within that volume. A more appropriate notation would therefore be ⟨L̄D⟩, where the overbar denotes averaging over the LET dose distribution L̄D, and the angle brackets ⟨⋅⟩ indicate the subsequent averaging over all sub regions, weighted proportionally to the dose of events of energy depositions occurring in each sub-region.
[bookmark: _Hlk222993312]In this paper, we focus separately on (i) the energy-loss distribution described in the first interpretation and (ii) the density distribution of LET within the target, described in the second interpretation. In section 6 [footnoteRef:3]devoted to the analysis of Monte Carlo computation, we discuss how missing recognizing the distinction between stochastic and non-stochastic roles may lead to improper results.   [3:  Section 6 will be included after further revisions.] 

1.1. Practical suggestions for reproducibility and clarity
Unrestricted versus restricted LET must be stated explicitly. If any delta-ray energy cutoff is applied in scoring, the result is a restricted LET, Lrest, where rest indicates the maximum energy of the secondary electrons taken into consideration. When reporting L̄T or L̄D, we should specify whether they are formed considering restrictions and, in case, indicate the cutoff value.  
2. Energy characterization of ionizations
Relying on the Bethe–Bloch equation, one can distinguish ionizations caused directly by interactions between primary ions and the medium’s electrons from those resulting from subsequent collisions of secondary electrons. The approximate number of primary collisions can be inferred from the minimum and maximum impact parameters defined in the theory [Bethe 1930].
2.1. Primary and secondary ionizations 
The angles between the primary-ion track and the beam axis are within a few degrees so that in first approximation, the trajectories can be considered parallel among each other and perpendicular to the frontal face of a plane-parallel detector. The number of primary collisions which generate secondary electrons is given by the product of the target’s electron density, ne, and the volume where the interactions are taking place. This is a cylindrical region around the track with a radius assumed to be coincident to the maximum impact parameter, bmax, defined as the maximum distance of interaction between the ion and the electron of the medium, assessed by the formula: 
	
	

	(Eq. 2)


where ε0 is the vacuum permittivity, z is the atomic number of the ion, c is the speed of light, βc is the particle velocity, me is the electron mass and I is the mean excitation energy of the medium. Although Bethe’s formulation also introduces a minimum impact parameter bmin, this does not influence present calculation. This method to estimate the number of primary interactions remains applicable down to primary particle energies of a few MeV·u-1. At lower energies, electron capture becomes significant and suppresses the production of free charges.
For all the ions used in therapy, bmax is limited to not more than a few hundred picometers around the primary particle track. For instance, for 400 MeV·u‑1 carbon ions in silicon, the maximum impact parameter is 23 pm while, for 1 MeV·u‑1, it is 350 pm. Similarly, for 250MeV protons, bmax is 2.8 pm, while for 1 MeV, it is 17 pm. 
For a path of the primary particle of length dx, the volume of interaction is then p(bmax)2dx. The electron density ne is given by:
	
	
	
(Eq. 3)


where NA is the Avogadro's number (6.022·1023 atoms·mole-1), and r, Z, and M are density, atomic number, and atomic molar mass respectively. For a silicon target, the corresponding values are r = 2.32 g·cm‑3, Z = 1, M = 28.09 g/mole so, from Eq. 2 ne = 6.96·1023 cm‑3. 
The number of electronic collisions of the primary particles per micrometer calculated for the example before, corresponds to Np  = 1157. 
[image: ]Conversely, the total average number of electrons generated per unit of length, Nt, is given by the electronic stopping power divided by the W-value. In the example, for 400 MeV·u‑1 carbon ions, with electronic stopping power (in the silicon target of density 2.32 g·cm3) of 20.7 keV·µm‑1, and the W-value of 3.62 eV, the total number of electrons generated per micrometer is then Nt = 5729. 
Finally, the number of electrons generated by secondary electrons, Ns is simply the difference Nt - Np; then in the previous example this is Ns = 4572.
The ratio between the electrons produced by secondary and primary collisions increases continuously with the energy of the primary particle. For low-energy ion beams of approximately 1 MeV·u‑1, most ionizations are produced by primary ions. This can be explained considering that the energy of the secondary electrons is, on average, lower than the W-value and therefore the probability of a secondary ionization is low (see figure 3). 



Figure 1: 	(a) Schematic representation illustrating how three distinct concepts are commonly associated with the term LET distribution. From the three distributions, three LET related values are obtained: (b left) the unrestricted LET of monoenergetic beams as expectation value of energy‑loss distribution per unit of length; (b center); the dose‑averaged LET, L̄D, is derived from the corresponding probability density distribution; (b right) the voxel-averaged < L̄D > visualized in the spatial distribution.  3 LET distributions.pptx
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Figure 3. Mean energy lost by a primary carbon ion through Coulomb collisions with electrons in a silicon target. For comparison, the W‑value is also shown. Above 1 MeV·u-1, the lengths of segments A and B provide an approximate indication of the energy deposited in the first collision of the ion and in the subsequent collisions of the secondary electrons, respectively.	

Already at beam energies of a few MeV·u‑1, the mean energy lost is sufficient to produce more free ions from the collisions of the secondary electrons (segment B in Figure 3) than those to the primary ions (segment A in Figure 3). 
[bookmark: _Hlk205194793][bookmark: _Ref163047150]For higher beam energies, the increase of the relative number of secondary collisions is less drastic so that, at the maximum carbon-ion energy used in clinics, the number of electrons freed in secondary collisions is approximately four times that in the primary ionizations. It should be noted that, as the beam energy increases, the absolute number of collisions decreases significantly, as illustrated in Figure 4.
3. Distance of ionizations from the particle track
Using a representation based on the unrestricted LET implies that all ionizations which result from the crossing of the primary charge particle are accounted, irrespective of their distance from the primary particle track. These distances span a broad 
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Figure 4. Mean energy lost per micron of silicon (density 2.32 g·cm-3) by carbon ions in primary and secondary collisions as function of the ion energy.	

range. At clinical energies, the range of most secondary electrons generated is less than a few nanometers; however, a small fraction of electrons can acquire sufficient energy to travel some millimeters away from their point of origin. 
Let’s analyze separately the energetic characteristics and patterns of the ionizations produced by primary and secondary particles in relation to the distance from the tracks and to the consequential impact of the different detection systems.
3.1. Ionizations induced by secondary electrons
We have seen that the energies transferred to secondary electrons during collisions span several orders of magnitude. The most probable interactions involve energy exchanges of only a few electronvolts, resulting in ionizations occurring within a few nanometers of the primary particle track. The probability of collisions decreases constantly with the increase of the transferred energies. Only a very small fraction of secondary electrons acquires the highest energies, leading to rare ionizations as far as millimeters from the original interaction site. Quantifying those contributions is essential for understanding how energy deposition scales with the size of the sensitive volume under consideration, in particular detectors’ sensitive volumes and biological targets.

Geometrical characterizations start from considerations on relativistic kinematics transferable energy to an electron by the incoming primary particle. The maximum collision energy, єmax, of the secondary electron of rest mass me for a primary particle of mass Mi, and Lorentz factor γ is determined by the equation:
	

	
	

	(Eq. 4)


This equation quantitatively defines the upper bound of the secondary electron energy spectrum and therefore constrains the maximum distance over which these rare, high‑energy electrons may induce ionizations. As the energy of the primary particles decreases, both the maximum transferable energy and the corresponding maximum range of secondary electrons decrease accordingly. 
The maximum lateral extension of delta electrons is determined by the continuous slowing down approximation (CSDA) range of electrons with energy emax, which, in turn, is derived from the relativistic expression for the maximum energy transferable in a single collision in Eq. 4. CSDA ranges can be obtained from the reference datasets provided by NIST or the ICRU [Berger 1982; ICRU-37 1984; ICRU-49 1993].
For example, for carbon ions at 400 MeV·u−1, which is the highest energy used clinically at MedAustron, the maximum delta electron energy in water, computed using Eq. 4, is 1.06 MeV. The corresponding CSDA range exceeds 5 mm. For 250 MeV protons, emax is 616 keV with an associated range of approximately 3 mm. At much lower primary-particle energies, such as 1 MeV·u-1 for carbon ions or 1 MeV for protons, the maximum delta electron energy drops to approximately 2 keV, corresponding to a range of about 220 nm. Because NIST tables provide electron range data only above 10 keV, this lower-energy estimate is obtained instead using Wilson’s Excel based tool [Wilson 2018].
It is worth emphasizing that, due to the tortuous nature of electron trajectories, the CSDA range overestimates the actual transverse displacement of delta electrons from the primary track. More realistic estimates could be obtained using the projected range, which provides net displacement along the initial direction of motion. However, projected ranges are not routinely tabulated in standard datasets and would require dedicated Monte Carlo simulations. Codes such as CASINO and PENELOPE, which are openly available, can be used for this purpose and provide more accurate modeling of low energy electron transport.
3.2. The challenge on LET of penumbra ionizations 
To summarize, the primary ionizations, together with those produced by low‑energy secondary electrons, occur within nanometric distances from the ion trajectory and can therefore be regarded as forming a strait sequence of ionizations along the track core. In contrast, higher‑energy secondary electrons may induce ionizations at much larger radial distances, in some cases extending to millimeter scales. 

When the unrestricted LET is used, ionizations generated by both primary ions and delta rays are indistinguishably combined, without accounting for their spatial distribution around the track. This could lead to the consequence that two types of charged particles which exhibit the same unrestricted LET may have markedly different transverse ionization densities and, in turn, distinct biological effects. 

For example, the unrestricted linear energy transfer L∞ in water for two ion beams, 18.5 MeV·u⁻¹ helium and 400 MeV·u⁻¹ carbon, is identical (11 keV/µm). However, the corresponding ratios between primary and secondary ionization densities differ significantly, with values of 0.67 and 0.37, respectively. Such discrepancies in the ionization patterns inevitably influence the physical response of the detection system. 

This raises a natural question when dealing with micrometric targets, such as a typical mammalian cell nucleus: Why should the biological response of such a small site be correlated with a physical descriptor –the unrestricted LET- that includes contributions from electrons escaping far beyond the site and thus not contributing to local energy deposition? We discuss this choice and provide motivation in Section 3.5.
A reasonable alternative would be to adopt as descriptor the restricted LET, which includes only the contribution of secondary electrons below a selected cutoff energy and therefore confines energy deposition considered only to the immediate vicinity of the collision point. For example, L100 includes only secondary electrons with energies up to 100 eV, corresponding to ranges in water of approximately 1 nm. Despite the conceptual advantages of restricted LET for micro- and nano-scale considerations, it has been only rarely applied in the characterization of clinical ion beams.

3.3. Representation of unrestricted LET
[bookmark: _Hlk237530673]Some authors underestimate the difference between unrestricted and restricted LET as reported in the comprehensive survey of Kalholm et al. [Kalholm 2021]. These differences, which increase progressively with the increase of energy of clinical ion beams, have important consequences on the biological effects. 

This is possibly due because of the low values of the collision distribution w(є), which represents the probability distribution of delta-ray energy after the collision of the primary particle. The distribution w(є), following Rutherford scattering theory and, for energies above a few tens of electronvolts, has an inverse dependence over the square value of the energy є:
	
	w(є) ∝ 1/є2
	(Eq. 5)



The rapid asymptotic approach to the horizontal axis of w(є) is shown in Figure 5, and may have led to the erroneous assumption that, for the highest values of є, the contribution of w(є) may be ignored. 

At the contrary, the correct assessment of the average є, and consequently of the unrestricted LET, requires the use of a complete distribution w(є) as we are showing hereafter. 
A different representation of w(є) proposed by Kellerer can convince us of the importance of assessing delta-ray energy imparted. 
The area under the function w(є) within the interval (є, є + dє) represents the relative number of collisions resulting in secondary electrons with energies in that interval. Analogously, the area under the function є·w(є) represents the relative energy lost in collisions within that interval. Furthermore, in the semi-logarithmic representation adopted by Kellerer, an additional multiplication factor є is used to maintain the so-called “area rule”. The area rule states that the probability for a certain condition to be satisfied within a specific interval of values (a, b) is proportional to the area under the curve in that interval. 

Considering the dependence of w(є) on є shown in Eq. 5, the resulting representation є2w(є) is flat for energies є above approximately 100 eV, and until the value єmax is reached, see the area Figure 6. 
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Figure 5. Example of the energy distribution of δ-rays produced in water by carbon ions with an energy of 45 MeV·u⁻¹. Although not clearly apparent in the logarithmic–linear representation (top panel), the logarithmic–logarithmic representation (bottom panel) reveals that the distribution remains non-zero up to energies of several hundred keV, as predicted by Eq. 4.

Kellerer’s representation gives also a clear visualization of the impact of the secondary electrons’ escape whose fraction of the energy lost is not accounted for. In relative terms this expresses also the difference between the unrestricted LET and the restricted LET.  
[bookmark: _Hlk220999257]For instance, in the example shown in Figure 6 for 402 MeV·u-1 carbon ions in silicon, the blue area, below 10 keV is approximately 30% smaller than the total area (blue and red areas together). This means that, excluding the values above 10 keV would lead to an estimation of LET_10keV which is 30% lower than the unrestricted LET. This result may be surprising since, the density distribution w(є) at the energy of 10 keV is already one million time smaller than the value at 10 eV, indicating that a relevant part of the energy lost is due to a rather small number of collisions. 

To correlate the cut in delta-ray energy to a cut in size one should consider the threshold in energy for the escaping secondary electrons and calculate the correlated projected range. This distance is an important parameter to be correlated to LET experimental measurements: as mentioned above, only detectors with millimetric sensitive volumes could account for the unrestricted LET of a 402 MeV·u-1 carbon-ion beam and, alternatively, a 20 µm silicon microdosimeter can assess unrestricted LET only in ion beams of energy below 50 MeV·u-1.
[image: ]
Figure 6. Density distribution of the energy lost in single collisions of 402 MeV/u carbon ions with electrons in the medium. The maximum δ-ray energy is approximately 1 MeV. Multiplication by the factor ε² in the representation ensures the validity of the “area rule” in the semi-logarithmic plot (see text). Accordingly, the blue region represents the total energy transfer, while the hatched region indicates δ rays with energies above the arbitrarily chosen 10 keV cut-off and thus corresponds to the fraction of energy transfer carried away by escaping δ rays. 


To correlate the cut in delta-ray energy to a cut in size one should consider the threshold in energy for the escaping secondary electrons and calculate the correlated projected range. This distance is an important parameter to be correlated to LET experimental measurements: as mentioned above, only detectors with millimetric sensitive volumes could account for the unrestricted LET of a 402 MeV·u-1 carbon-ion beam and, alternatively, a 20 µm silicon microdosimeter can assess unrestricted LET only in ion beams of energy below 50 MeV·u-1.
In section 7[footnoteRef:4], we show how the size mentioned above because of the ballistic characteristics of primary ions and secondary electrons is strongly correlated to the sensitive volume transversal cross section and less to its thickness. An analysis of the cross-sectional area of sensitive volumes for several systems claiming to provide LET measurements is done in the following sections. Also, this can be used to define the geometrical thresholds which guarantee that the assessed LET is, indeed, unrestricted.  [4:  Section 7 will be inserted after the submission of the paper on this topic] 

3.4. The challenge of a LET cross-calibration
Some authors suggested calibrating active or passive detectors in LET using, as reference, the detector response to a radiation of known (restricted or unrestricted) LET. This procedure can be validated only if two separate conditions are fulfilled. Firstly, two distinct patterns of energy depositions which correspond to the same (unrestricted) LET should provide the same detector readings. Secondly, the calibration must be independent from the beam energy at least for a reasonable interval of values. 
Any calibration for unrestricted LET measurement should address the compatibility with contributions from primary and secondary ionizations and the limited interval of operation in terms of particle energy and type. 

3.5. Unrestricted LET as clinical parameter
The biological effects of ionizing radiation correlate with the average spatial separation between ionization events at different structural scales [Palmans 2015]. These scales range from a few nanometers (DNA strand spacing) to sub-micrometers (chromatin loop dimensions), up to several micrometers (cell-￼nucleus diameter). Because the unrestricted LET quantifies only the average energy lost per unit's path length, it does not provide a unique or direct measure of the ionization-spacing distribution as discussed in Section 4.2. Consequently, if the goal is to establish a mechanistic link between energy deposition patterns and cellular effects, the unrestricted LET is an inherently suboptimal descriptor.
Additionally, the experimental determination of the unrestricted LET is extremely challenging, and in many cases practically impossible with currently available detection technologies.
Some questions therefore arise in particular within the microdosimetry community: why has unrestricted LET been adopted as the primary clinical descriptor of radiation quality, and why is it still considered the reference parameter for future applications? Several considerations support this choice and justify the effort put into measuring it:
·  The simulation of unrestricted LET is computationally robust and minimally dependent on subjective modelling decisions. It does not require assumptions on the spatial path of secondary electrons, does not impose thresholds on electron energies, and does not require explicit electron-transport simulations.
· The equivalence between unrestricted LET and the unrestricted electronic stopping power ensures that it is the quantity most directly linked to available experimental data, which, although limited, supports the published electronic stopping-power tables.
· Unrestricted LET varies continuously with particle energy and therefore serves as an effective discriminator between radiation qualities that differ only subtly.
· For monoenergetic ion beams, the spectral determination of L∞ from the energy‑loss distribution (see Figure 1, left) enables, with minimal additional computation, the derivation of restricted LET values at any chosen cutoff. This provides an approximate comparison with microdosimetric spectra [Magrin 2022].
· Finally, unrestricted LET is widely implemented in clinical practice, including recent integrations into carbon-ion therapy treatment-planning systems [Inaniwa 2017, Koto 2024].

In conclusion, completely abandoning unrestricted LET or replacing it with an alternative descriptor is unrealistic, at least in the near term. The more appropriate perspective is to complement unrestricted LET with additional descriptors of radiation quality. These should be systematically evaluated and optimized against biological and clinical outcomes to determine whether they offer a stronger correlation with radiobiological effectiveness. Achieving this requires robust experimental benchmarks, which in turn depend on detectors whose responses must be carefully analyzed and specified with respect to the different characteristics of the track structure.

4. Detectors for LET assessment 
The response of a dosimeter to ionizing radiation depends on the total energy imparted but is also affected by the local density of the charges produced by the radiation. As a consequence, most dosimetric systems, whether operating in active or passive mode, exhibit readings which are different if, for example, one gray is delivered by 150 kV photons or by 400 MeV·u⁻¹ carbon ions. Although this radiation-quality dependence represents a limitation from the dosimetric standpoint, it can provide indirect information on radiation quality within well-defined intervals of dose and of energy-deposition density.
Exploiting this behavior, the literature frequently reports assessments of radiation quality derived from indirect detector responses and described as “measurements of LET”. Such terminology should be used with caution, especially when the intended reported quantity is the unrestricted LET, which, as discussed above, cannot be measured directly for clinical beams of high energies due to the role played by δ-ray escape. A more appropriate terminology would be a “determination” or “deduction of LET”, as the value is inferred from detector-specific response functions rather than obtained through a direct physical measurement.
The most accurate determination of unrestricted LET requires access to both primary-ion energy loss in electronic interactions and the full spectrum of secondary electrons generated along the track. In practice, no current detector system, whether active or passive, can completely and directly measure this quantity within therapeutic radiation fields, with the exception of complex metrological systems capable of measuring simultaneously and particle-by-particle energy loss and total energy. Instead, different detector classes provide partial or transformed observables, which relate indirectly to a specific LET parameters such as track-averaged LET, dose-averaged LET, or silicon-equivalent or water-equivalent LET spectra.
This subsection provides an overview of common detector systems used in radiation‑quality characterization, with the aim of clarifying LET‑related quantities they actually provide and the limitations inherent to each method. The analysis concentrates on three key aspects: the capability of a detector to provide unrestricted LET, its ability to deliver spectrometric information, and its suitability for deriving track- and dose‑averaged LET. 
A detector capable of approaching the direct measurement of unrestricted LET must be able to register both the dense core ionization and the sparse delta‑electron contributions described in Section 2. A direct assessment of unrestricted LET for ions of several hundred MeV·u⁻¹ would therefore require sensitivity to highly infrequent ionization events occurring up to millimetric distances from the primary trajectory. 
Conversely, if the transverse dimension of the detector is limited to a few micrometers, direct measurement of unrestricted LET cannot, in principle, be achieved. Under these conditions, the detector is sensitive only to restricted LET. Therefore, any reported LET value should explicitly state the associated cutoff, either in terms of δ-ray energy or the corresponding δ-ray range, to avoid ambiguity in its interpretation.
In radiation environments such as therapeutic ion beams, the problem becomes more tractable. In these cases, the irradiation when it reaches the detector is not entirely unknown: at the entrance, the pristine field is composed of a single particle species, with discrete and well‑defined energy values, and an essentially unidirectional trajectory. Under such controlled conditions, detectors with reduced sensitive dimensions can still give indirect estimates of the unrestricted LET, provided that suitable modeling approaches and auxiliary beam information are incorporated. For example, as discussed in the following sections, certain features of the microdosimetric spectrum can be used to discriminate between monoenergetic ion beams of different energies. With the aid of precomputed reference tables or calibration data, the corresponding electronic stopping power can then be assigned. For primary ions, this quantity is equivalent to the unrestricted LET and can therefore be used as its estimator.
The second aspect concerns the detector’s ability to provide, form non‑monoenergetic beams, a spectrometric response. Spectrometric capability implies that the detector can distinguish the LET associated with individual particle tracks and, consequently, reconstruct the complete LET distribution. Such capability is not limited to active detectors; it can also be achieved with detector systems that record ionization events on a track-by-track basis, such as fluorescent nuclear track detectors and track-etched detectors
For detectors that do not provide a spectrometric response and instead yield a single average value, an additional consideration concerns what is the specific physical quantity represented. Such detectors are often described as measuring either the track-averaged LET or the dose-averaged LET​. However, these assumptions should be critically evaluated also in light of the limitations discussed in the literature [Hajek 2004; Parisi 2019; Bobić 2024]. In practice, the detector response may not be directly proportional to the weighting required for either L̄T or L̄D ​, but instead reflect a different LET-related quantity governed by intrinsic response function of the detector.
In most passive detectors, the measured signal arises from the combined effect of multiple microscopic processes, such as luminescence-center formation, radical production, or polymerization, occurring throughout the detector volume. 
In heterogeneous radiation fields, the detector response should reproduce the weighting associated to the quantity of interest; specifically, the determination of L̄T requires a linear weighting of LET, whereas L̄D ​ requires a quadratic weighting. To illustrate this point, the definitions given in Eq. 1 can be rewritten in discrete form by considering each energy-deposition event i with its corresponding LET value Li​:
	
	



	



(Eq. 6)


The expression for L̄T is generally more compatible with experimental assessment, as it involves a linear averaging procedure analogous to that commonly encountered in dosimetric measurements.
In contrast, the expression for L̄D shows that determining dose-averaged LET from detector signals requires access to the quantity ​. In other words, each particle track with LET L should contribute to the detector response with an amplitude proportional to L2 and therefore exhibit a response function R(L) ∝ L2.
As a simple example, consider a radiation field consisting of only two components with LET values of 10 and 20 keV·µm−1. A detector measuring L̄D should assign a response to the higher-LET component that is four times greater than that of 
the lower-LET component.
Strictly speaking, no passive detector relying on radiation-induced luminescence, chemical transformation, or polymerization exhibits a purely quadratic response to LET over a clinically relevant LET range. Instead, these detectors may show, over a limited range, a supra-linear dependence on ionization density that can be approximated by R(L) ∝ Ln whit n > 1 which can be only empirically correlated with ​ L̄D. 
4.1. Active detectors
4.1.1.  Microdosimeters
Microdosimeters are the standard radiation-quality detectors which actively account, particle by particle, for the charge generated by a primary ion and its secondary electrons in a micrometric sensitive volume, corresponding to a biological site of a few micrometers. 

The pioneering microdosimeter is the TEPC, a spherical or cylindrical chamber which takes its name from the fact that its walls and its filling gas are Tissue Equivalent, and it operates as Proportional Counter. The sensitive-volume minimum physical sizes are of the order of one millimeter while the simulated sizes are down to one micrometer. The charged particle entering the sensitive volume ionizes the gas molecules creating electrons and positive ions. The electrons drift towards the micrometric-thick anode at the axis of the chamber and, when they reach the high electric field, undergo gas multiplication. Thanks to the consequent enhancement of charges, also energy depositions which generate few initial ionizations can be detected. 

Thanks to their compactness and versatility, silicon and diamond solid‑state detectors are now widely used as microdosimeters in ion‑beam applications, almost entirely replacing the TEPC. In these diodes, ionizing particles generate charge carriers in the depletion layer; these then drift under the electric field and induce the measured pulse. Compared with the TEPC, however, the signal‑to‑noise ratio of solid‑state detectors is relatively low, and their spectra are inevitably truncated below a threshold that typically corresponds to a few keV·µm⁻¹.
A microdosimeter can be used for the direct measurement of the unrestricted LET only when the primary beam is monoenergetic and all δ‑electrons are fully contained within the sensitive volume. Under these conditions, the microdosimeter provides a stochastic distribution of energy‑deposition events whose expectation value corresponds to the LET (see Section 1). For energetic clinical ion beams, however, these conditions are difficult to meet because δ‑electrons have sufficiently long ranges to escape the detector volume.
Consider, for example, a slab‑shaped solid‑state microdosimeter. Both computational studies and experimental measurements have shown that the transverse dimensions of such detectors (with their entrance face perpendicular to the beam) determine the probability that δ‑electrons escape. To reduce distortions, the lateral size of the sensitive volume can be increased to several millimeters. In the context of ion‑beam therapy, however, where particle fluxes are intense, increasing the cross‑sectional area to millimetric scales is unfeasible due to excessive event rates and detector saturation.

Figure 7 provides a simplified illustration of the behavior of delta rays: a carbon ion crosses the microdosimeter sensitive volume at the center producing two kinds of ionizations, from primary ions, at less than a nanometer away from the track and represented with black dots, and from secondary electrons, at various distances from the track shown with red dots. With the cross-sectional area larger than the maximum delta-ray range, the probability of lateral escape (i.e. through the SV’s lateral surface, perpendicular to the beam direction) is zero. 

For what concerns longitudinal escapes (i.e. trough the frontal and rare faces) we could consider the condition similar to what it is expressed by the concept of charge-particle equilibrium valid for multi-particle irradiations and restricting it to the domain of microdosimetric, on a particle-by-particle basis. For a single event, delta rays generated inside the SV may produce ionizations outside, indicated in the figure with A, while delta rays generated outside the SV may ionize inside the SV, indicated in the figure with A’. The ionizations A and A’ are almost simultaneous since they relate to the same primary particle. However, since the delta rays which escape are rare, the probability of an exact compensation between the energies corresponding to A and A’. In this condition, the energy balance should then not be considered within a single event but over multiple events of energy depositions so that the total number of events as well as the total energy exchange are maintained. Inevitably the profile of the probability distribution of the energies imparted is modified from the ideal case however, this has no impact on the average, which is the first momentum of the distribution for identical particles. For monoenergetic beams, the unrestricted LET is expressed by this average as stated in Section 1 and represented in Figure 7. 

[image: ]

Figure 7. Illustration of an ideal condition of an ion crossing the central axis of the sensitive volume of a microdosimeter. See text for description. 

In the more realistic scenario, the particles imping the detector at random positions and some energetic delta rays may escape transversally the SV. Also in this case, each escaping delta ray is statistically compensated by a delta ray entering the SV which may arise however by a different primary ion. Those secondary ionizations are not simultaneous with any primary event recorded and therefore are accounted as independent events, which we can name “solitary delta-ray” events. The resulting probability distribution is less populated of events in the high-energy part, and more populated in the low-energy part due to additional solitary delta-ray events. In this case the expectation value obtained from the microdosimetric distribution does not provide the unrestricted LET but a value which underestimates it. 

Realistically speaking, the cross-sectional area cannot be increased indefinitely because of two harmful consequences. First, the particle flux increases, and a limit is reached when it becomes impossible to separate temporarily the different events so that pile-up distortions increase. Second, the increase of the area results in increasing the capacitance of the detector and the consequent decrease of the of the signal-to-noise ratio. These conditions are quite restrictive and, at typical clinical beam fluxes the maximum cross-sectional area can be indicatively 0.01 mm2. These limits may be expanded by using faster shaping times and multi-sensor detectors featuring matrixes of microdosimeters. 

 



4.1.2. Nanodosimeter
Nanodosimetry provides measurements of the number of ionizations in a site of a few nanometers. Typical experimental setups are included in a large tank filled with tissue-equivalent gas at low pressure.  The detecting system inside the tank is composed of the primary-particle tracking system and a drift chamber for the detection of the single ionizations. The pressure is set to scale the sizes from the physical millimeters of the setup down to represent nanometers in simulated tissue [Bantsar 2018]. The tracking system detects when the primary particles cross a specific trajectory and triggers the acquisition. The aperture of the drift chamber defines the sensitive volume and is moved perpendicular to the track, at different distances (impact parameters) from the trajectory axis. Some electrons generated by the primary particle enter the aperture of the chamber, drift along the chamber, separate in time and are then counted individually. In this way it is possible to assess the number of ionizations produced by the primary particle collisions of the nanometric volume of interest as the function of the impact parameter. 
The nanodosimetric information is reported via the distribution of ionization cluster size which corresponds to the number of ionizations in the nanometric sensitive volume, collected at different impact parameters. When the impact parameters exceed a few tens of nanometers, the measurement becomes unpractically long. This is because the solid angles covered by the chamber’s aperture decreases with the square value of the distance from the track. Already at primary-ion energies of 0.5 MeV·u-1, the delta rays ranges would exceed 60 nm in water, making virtually impossible for nanometric measurements to provide restricted LET information. 
4.2. Passive detectors
A generic passive detector relies on temporary or permanent chemical modifications or other structural damages in the sensitive material in response to the energy imparted along the path by ionizing particles. The correlation to LET is based on the assumption that these modifications are linked directly or indirectly to ionization density. 

As stated above, to understand if a passive method is suitable for measuring unrestricted LET of clinical beams, it is necessary to assess its capability in detecting the sparse ionizations of the most energetic delta rays up to the maximum distances of a few millimeters from the core of the track. Different types of passive materials have been used as sensors and, in those studies, the outcomes are described, at times, as a track- or dose-averaged unrestricted LET. An extensive critical review was recently carried out by Christensen [Christensen 2024]. Many times, the description is vague, not clearly stating what LET parameter is represented, a problem clearly emphasized by Christensen.

In the context of radiation therapy, the suggested passive detectors are based on phenomena related to the local density of the ionizations. These include luminescence phenomena on the irradiated sample which appear offline after external stimulations that are thermic, optical, or done with radiofrequency. Other methods include the microscopic detection of tracks formed either directly or chemically etched, the electron-spin resonance detection of radicals, quantification of chemical reaction products and polymerization in gels and films. The material responses have different levels of uncertainties, range of operation, and threshold sensitivity (minimum dose required) and correlation to specific radiation-quality parameter. Implementing these processes towards the determination of radiation quality goes through the identification of the conversion function which links the particular effect to the density of ionization and, in turn, averages of distributions of restricted LET, unrestricted LET, or lineal energy.
4.2.1. Luminescence detector
Extensively used for dosimetry, luminescence detectors provide information on the density of the ionizations. Besides the techniques used to extract the information offline which include thermal and optical stimulations and radiofrequency, the responses of the materials to ionizing are linked to the trapping of the charges generated and their successive release. 
For thermoluminescent detectors, TLD, the glow curves, which represent the light output when the material is exposed to increasing temperatures, show characteristic peaks. The ratio of amplitudes of different peaks shows a dependence on the spatial distance between the trapped charges which is correlated to the LET. 
The luminescence response is cumulative, obtained offline, and cannot be related to single events. Therefore, it cannot provide LET distributions, however, in mixed radiation fields, the doses imparted on lower LET and higher LET intervals have been estimated comparing the response of two different luminescent materials whose relative efficiencies diverge strongly with LET and can be exploited. 
[bookmark: _Hlk222394317]TLDs have been applied to distinguish low-LET dose and high-LET dose in photon-neutron mixed radiation fields [Massillon 2006]. Radiation-quality determination based on TLDs have been applied in proton-beam therapy [Mukherjee 2011]. 
Extending the approach to heavier ions, studies have combined thermoluminescent materials with different LET sensitivities to distinguish radiation contributions originating from the dense track core from those arising in the δ-ray penumbra [Olko 2002]. 
Although not truly spectrometric, this approach can be interpreted as a simplified LET-resolved analysis, where the dose distribution is separated into only two LET regions, broadly corresponding to lower- and higher-LET components. 
4.2.2. Fluorescent nuclear track detector
In fluorescent nuclear track detectors (FNTDs), each ionizing particle produces defects along the track within the medium. Those are visualized with micrometric spatial resolution and represented in spectra according to their fluorescence intensity. FNTDs provide a methodology for assessing the LET relying, in monoenergetic beams, on empirical comparison between the experimentally recorded fluorescence spectra and reference LET values [Muñoz 2023]. 
For low‑energy particles and sufficiently large sensitive volumes, the entire track can be visualized down to the stopping point; a typical case is for boron‑neutron capture applications, were FNTD may clearly distinguish the alpha and lithium tracks generated [Galuzzi 2025]. For ions of higher energy, however, crossing tracks are registered. The fluorescence response depends on the ion species, and the transverse extent of the corresponding track structure typically extends only a few micrometers from the particle trajectory. Conseuently, the contribution from high‑energy δ‑electrons is therefore not fully accounted for. As a result, the applicability of FNTDs is limited to the assessment of restricted LET, since those detectors cannot capture the complete radial distribution of energy deposited by high‑energy secondary electrons.
4.2.3.  Track-etched detector
In track-etched detectors (TEDs), the dense ionization produced along a charged-particle trajectory creates a region of chemical and structural damage that remains invisible until chemical etching is performed. The etching process is generally assumed to be isotropic, such that the dimensions of the etched track are related to the characteristics of the original damage zone. Consequently, the diameter and morphology of the etched track depend on the particle type and its LET. Optical analysis of the etched tracks therefore provides an indirect estimate of LET [Spurný 2001]. Each etched track is recorded individually as function of its diameter which serves as a measure of the local ionization density. As a result, TEDs can provide a simplified spectrometric representation of the radiation field, allowing the reconstruction of both frequency- and dose-related distributions as a function of LET. 
The etched tracks produced by heavy ions typically exhibit diameters of several tens of micrometers. However, the radial extension of high-energy δ rays may be considerably larger, extending far beyond the dimensions of the observable track. Consequently, track-etched detectors are not suitable for the direct determination of unrestricted LET for high-energy ions, as they do not capture the full spatial distribution of energy deposited by distant secondary electrons.
4.2.4. Electron-spin resonance detector
The electron-spin resonance (ESR) detectors exploit the formation of radiation-induced radicals in certain materials. These detectors show an indirect sensitivity to radiation quality because yield and stability of the radiation-induced radicals depend on the local pattern of energy deposition. The information on the distance between the free radicals is captured in the material. 
Non-destructive measurement at increasing radiofrequencies provides information on the spatial distribution of the ionizations which are correlated to the LET [Marrale 2014]. Each measurement requires doses of several tens of grays and therefore correspond to the cumulative contribution of billions of collisions. The methodology suggested appears ineffective in accounting for the rare delta rays with highest energy, and the correlation of the experimental results is with the restricted LET. 
The technique was preliminary tested at dose level of the order of 100 Gy, providing a spatial resolution comparable with the size of the irradiated pellets.
4.2.5.  Gel
Ionizing radiation induces chemical modifications in radiation‑sensitive gels, and these changes can be spatially resolved after irradiation. In polymer gels, the radiation‑driven polymerization of monomers shows a measurable dependence on the local ionization density, as demonstrated by Gustavsson et al. [Gustavsson 2004]. This sensitivity to track structure suggests that gels could, in principle, be exploited for assessing radiation quality.
Comparable indications arise from radiochromic films, which have been used to infer the spatial distribution of LET [Mayer 2015]. In these films, ionizing radiation initiates the polymerization of monomers within the active layer, producing a localized darkening. The response exhibits LET quenching: the apparent sensitivity decreases for densely ionizing radiation because the finite number of available monomers cannot sustain a linear correlation between darkening and ionization density. This saturation effect leads to a systematic deviation between the nominal dose of a radiation field and the dose measured by the film, and this discrepancy can be correlated with LET.
The film response is averaged over the region corresponding to each scanned pixel. The pixel size, typically of the order of a few tenth of a millimeter, represents the spatial scale over which the optical signal is averaged. In contrast, the physical effects produced by an individual charged-particle track within the gel are localized to regions only a few micrometers in size.
To exploit gels or radiochromic films for LET assessment, a dedicated calibration procedure must be established, enabling an empirical correlation between the measured signal and the underlying ionization density.
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Table 1. LET distributions in active and passive detectors in ionization beams
	
	Representation 
	Correlated delta-ray energy
	Limits of operability
	Correlation to LET distribution

	TEPC Microdosimeter
	distribution:  lineal-energy spectra; correlated values frequency and dose mean lineal energy 

	<4 keV
	single ionization ~10 eV
	f(Lres) (probability-density distribution of restricted LET)  

	Solid-state Microdosimeter
	distribution:  lineal-energy spectra; correlated values: frequency and dose mean lineal energy 

	variable with SV sizes
~4-50 keV
	minimum imparted energy ~ 1 keV
	f(Lres)

	Nanodosimeter
	distribution: ionization cluster-size distribution; correlated values:
cluster-size moments
	<100 eV
	single ionization ~10 eV
	f(Lres)

	FNTD
fluorescent nuclear track 
	distribution: particle tracks characteristics 
	undefined
	single track
	f(Lres)

	TED
track-etched 
	distribution: particle tracks characteristics
	undefined
	single track 
	f(Lres)

	TLD, OSL, 
luminescence 
	value: glue curve peak ratio
	undefined 
	0.1 Gy
	[bookmark: _Hlk234215920]LET, averaged over response functions r(Lres)
(*)

	ESR
Electron-spin resonance 
	value: resonance peak amplitude
	undefined
	· high dose (>50 Gy)
· resolution ~2 mm 
	

	Films/Gel
	value: darkening, saturation
	undefined
	· Resolution ~0.2 mm
	LET, averaged over response functions r(Lres)
(**)


Table 1 summarizes the results of the prior discussion. 
(*) The response function r(Lres), is possibly different from both frequency f(Lres) and dose probability density function d(Lres)
(**) Resh et al. [Resh 2020] show higher resemblance of the average taken with Radiochromic® films with L̄D for protons in a limited range of energies.

4.3. Other systems  
4.3.1. Quenching effect 
Quenching effects, including the initial recombination of charge carriers, arise from the high local density of ionizations produced by densely ionizing radiation. When the concentration of charges or radicals becomes sufficiently large, their probability of recombination increases, reducing the efficiency of signal formation in the detector.
In both active and passive detectors, this reduction manifests as a deviation from linearity at high radiation densities, and this behavior can be correlated with LET. In passive systems, such as the Radiochromic© films discussed above, the quenching effect accumulates over a large number of events and is observed as a systematic under‑response in regions exposed to high‑LET radiation. In active detectors, quenching, caused by initial ion recombination, alters the signal amplitude of individual events.
Different detection systems implement distinct mechanisms to recover or interpret this information, enabling their use for radiation‑quality assessment. Depending on the detector, this may involve analyzing the amplitude of individual pulses, studying changes in efficiency or light yield, and calibrating the integral signal loss as a function of LET. Despite their detector‑specific characteristics, all such approaches rely on the fundamental link between quenching and ionization‑density effects. 
4.3.2. Systems with highest metrology
A detection system capable of measuring the energy of individual particles before and after traversing a sampling material would represent, in principle, the most accurate and complete approach to LET determination. Such an arrangement could provide the unrestricted LET directly from the energy difference, enabling the reconstruction of detailed LET spectra without relying on indirect indicators of ionization density.
Implementing this concept requires highly specialized instrumentation, typically involving extended setups that combine multiple tracking planes, dedicated energy‑measurement stages, and time‑of‑flight systems. Such configurations demand substantial physical dimensions, strict mechanical alignment, and advanced electronic readout, placing them well beyond the capabilities of routine dosimetry systems. Consequently, these approaches are generally feasible only in advanced metrological facilities or in environments where space, cost, and operational complexity can be justified. When available, they provide high‑quality measurements suitable for the benchmark validation of microdosimetric methods and Monte Carlo models.
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