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Abstract

:

We report here experimental results investigating the influence of the initial swift heavy ion charge on the structure of polyethylene terephthalate (PET) film after irradiation, using a structurally sensitive X-ray diffraction method. Kr ions with an energy of 100 MeV and charges of 13+, 14+, and 15+ were each used at irradiation fluences of 5 × 1010, 7.5 × 1010, 1 × 1011, 2.5 × 1011 and 5 × 1011 ions/cm2. At constant energy and irradiation fluence, the post-irradiation structural changes in PET film show a clear dependence on the initial ion charge. As either the fluence or ion charge increase, the latent tracks begin to overlap, leading to cross-linking of PET chain molecules to form rotational isomers (rotamers). We use the fluence corresponding to the onset of overlapping to estimate the size of latent tracks for different ion charges. At the highest fluences, the latent tracks become entirely overlapped, and the interchain cross-linking extends throughout the whole film. Since this cross-linking is due to the dipole–dipole interaction of subunits of repeat units of PET chain molecules, it is reversible, in contrast to the well-known chemical cross-linking of polymer chain molecules under irradiation.
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1. Introduction


Polyethylene terephthalate (PET) films have been the subject of much study for a long time, both in their applied [1,2,3,4,5,6,7,8,9,10] and theoretical aspects [11,12,13,14,15,16,17]. A significant recent discovery [18,19] was that of ultrafast filtration with high selectivity by thin PET films irradiated with swift heavy ions, comparable to those for biological membranes. These studies showed that PET films irradiated with swift heavy ions and then UV-illuminated over a long time acquire the ability to filter ions with very high selectivity: up to 108 times for cations over anions; up to 106 times for alkali metal cations over heavy metal cations; and up to 103 times for alkali metal cations over alkaline earth metal cations. Increasing the duration of the UV-illumination leads to a significant increase (up to 40 times) in the ionic conductivity of the PET film.



The high cationic selectivity observed in experiments is explained as follows in [18,19,20,21]. The core of the latent track closest to the swift heavy ion trajectory contains highly damaged fragmented material as a result of amorphization and the breaking of covalent chemical bonds by the swift heavy ion. When submerged in the electrolyte, some of these small fragments wash out leading to a reduced mass density in the core. Carboxyl units are one of the products of radiolysis and subsequent photodegradation of damaged molecules in the latent track, but in contrast to other small fragments, they attach to chain PET molecules and accumulate on the inner wall of the latent track, forming a network of negative charge in the highly damaged core of the latent track.



We agree with the authors of [19] who note that there is still room for further research to better understand these results. As shown in References [18,19] the key factors affecting the high selectivity and permeability of PET films are the increased density of carboxyl units on the inner walls of the latent track and the reduced density of the material in the core. In Reference [22] we reported the emergence of regions of induced ordering in latent tracks in PET films after irradiation with swift heavy ions, as a result of rotation of benzene-carboxyl subunits of repeat units of chain molecules in the amorphous part of PET under the influence of the residual electric field of the latent track. Since the residual electric field has cylindrical symmetry, and dipoles always align with the field gradient, this rotation leads to the initially random distribution of carboxyl ions relative to the axis of the chain molecule in the amorphous phase of the film being replaced by an ordered distribution of carboxyl dipoles in the radial direction. This results in an increased density of carboxyl units on the inner walls of the latent track, without the irradiated film being introduced into water or an aqueous electrolyte.



The predominant ordering of benzene-carboxyl units in the radial direction leads to their ordering in the axial direction, due to the coplanarity of the subunits (see Section 2.1 below). This causes the random distribution of the orientation of benzene rings around the axis of the chain molecules to become predominantly oriented along the latent track axis to the same extent that the carboxyl groups are oriented along the residual field gradient, creating an axial texture along the latent track axis. The presence of this axial texture implies the existence of nanopores between neighboring rotated subunits. If the induced ordering were sufficiently high, the density of these nanopores would be high enough for them to merge into nanochannels along the axis of the track. These would form additional paths for the movement of the water electrolyte through the film in addition to the mechanism described in [18,19].



Since this induced ordering is essentially determined by the residual electric field in the irradiated PET film, we now turn our attention to the nature and origin of this residual electric field.



In Bethe’s formula for the energy loss of fast charged particles in matter [23], the ‘effective charge’ Zeff is one of the parameters that affects energy losses and, consequently, the response of the irradiated material. Bethe and Ashkin note here that calculations of energy losses using this formula will depend very sensitively on the law chosen for the decrease of the effective charge as the velocity of the particle decreases.



In many studies of irradiation of materials by swift heavy ions it is assumed that on penetration, the ion interacts immediately with the electrons in the material in such a way that Zeff is determined only by the irradiated material, to the extent that the initial ion charge is often considered so irrelevant as not to be mentioned [24,25,26,27,28].



PET is an industrially used electret that can store an externally induced electric field for a long time [29]. We therefore take as our hypothesis that swift ions moving through PET films are specific external sources of electric field that change the state of the electron subsystem of the film material. In addition to the ion energy, the ion charge can therefore contribute to the formation of a residual electric field in the latent track and affect post-irradiation changes of the molecular structure in PET films.



To test our hypothesis, we make use of our previous experimental results [30] showing that the overlapping of the residual electric fields of neighboring latent tracks leads to the formation of interchain spiral conformations. These interactions, and the spiral conformations they create, are sensitive to the degree of overlap of the residential electric fields and can, therefore, be used to investigate the characteristics of latent tracks and their dependence on external parameters including the initial charge of the irradiating ions. In this article, we report the results of our study.




2. Experimental Part


2.1. Material


A 12 µm polyethylene terephthalate film (HOSTAPHAN® polyester films, Mitsubishi Polyester Film GmbH, Wiesbaden, Germany) was selected for irradiation. According to the datasheet specifications, the PET film consists of an inner layer of pure polymer and thin outer layers containing additives that change the surface properties depending on the purpose of the film. In the production of films, a polymer with an average molecular weight of 20,000–30,000 amu is used (for methods of polymer analysis, see e.g., [31]). To ensure the purity of the experimental methodology, we conducted an X-ray diffraction study of the film sample that was subsequently irradiated. The information describing the PET film under study is given below (see Figure 1).



From the physical point of view, the PET film is a transparent semi-crystalline polymer with a density of 1.4 g/cm3 with monomer density of 1.33 g/cm3 and density of its crystalline part of 1.49 g/cm3 [32]. For the polymer film under study, the ratio between the amorphous and crystalline parts derived from the X-ray image is 57/43 (for the methodology of determining the ratio of the amorphous and crystalline phases, see e.g., [33]). The size of the crystallized particles is 8 ± 2 nm. The type of crystal lattice is triclinic with the unit cell parameters a = 4.541 Å, b = 5.914 Å, c = 10.775 Å, α = 99.88°, β = 118.57°, γ = 111.46°, which are slightly different from the reference values of PET crystalline parameters (see PDF-00-050-2275). The axis c of the unit cell coincides with the axis of the chain molecule. The ratio of the intensity of diffraction maxima I(−110)/I(100) = 0.07 indicates a strong texturization of the film (the reference value I(−110)/I(100) = 0.66) with a predominant orientation of the benzene rings in the crystalline phase parallel to the film surface, which is in good agreement with the data [34]. In the amorphous phase, the orientation of benzene rings relative to the axes of chain molecules is random.



From a chemical point of view, PET is a chain polymer, the repeat unit of which is shown in part (a) of Figure 1. The molecular weight of a repeat unit in both cis- and trans- conformations is 192 amu. Given that the parameter c of the PET unit cell is approximately 1 nm, the length of chain molecules forming the film with a mass of 20,000–30,000 amu can exceed 100 nm.



To date, it remains an open question as to what type of conformation the repeat units of PET polymer material are in. In the original work by Daubeny R., it was found that the trans-conformation is present in the crystalline part, while in [35] it was concluded that carboxyl units in unoriented PET are in trans- and cis- conformations with approximately equal probability, and in [36] it was suggested that there is a cis-conformation in oriented amorphous phases.



In addition, it has been shown that the benzene-carboxyl conformation is essentially coplanar [32,37]. It has also been experimentally found that the benzene-carboxyl unit is coplanar in monomers [38,39]. Quantum mechanical calculations [40] have shown that as a result of the overlap of the π orbits, the benzene-carboxyl unit in this position has a stable minimum of potential energy with a high rotational barrier.




2.2. Irradiation Conditions


84Kr ions with an energy of 100 MeV were chosen, so as to permit ion beams at three different ion charges, of 13+, 14+ and 15+. These were used to irradiate the film at an angle of 42° to the surface, with irradiation fluences of 5 × 1010, 7.5 × 1010, 1 × 1011, 2.5 × 1011, and 5 × 1011 ions/cm2. The film was irradiated along the film texture coinciding with the direction of its movement during irradiation in order to maximize the electrical interaction between the residual electric field and the carboxyl dipole units of the repeat units of chain PET molecules.



The choice of ion charge while maintaining constant beam energy in our experiment is due to the limited technical capabilities of the DC-60 accelerator, namely the ratio of the magnetic field and frequency of the high frequency (HF) generator. In our accelerator, the field can be adjusted in the range from 1.2 to 1.65 T, and the frequency of the HF generator varies from 12 MHz to 17 MHz, so there are not many combinations of ion types and their charges available at constant energy.



For 84Kr ions, three charges are available: 13+, 14+, 15+ at an energy of 100 MeV. Table 1 shows the values of the magnetic field induction and frequency of the HF generator at which the 84Kr ions were obtained for irradiation to be used in the experiment.



With these parameters of the cyclotron and proper preparation of thee electron cyclotron resonance (ECR) source, pure beams of krypton ions with three charge values at constant energy were obtained by the DC-60 accelerator.



According to calculations in the Stopping and Range of Ions in Matter (SRIM) Pro 2013 software [41], the maximum path length of 84Kr ions in PET polymer with a density of 1.4 g/cm3 is 20.0–20.5 µm, which confirms that the energy of 100 MeV for 84Kr ions is sufficient for the passage of ions through the PET film in this irradiation geometry.




2.3. Study of the PET Structure


Studies of structural changes in the irradiated PET films were performed by X-ray diffraction (D8 Advance Eco, Bruker, Karlsruhe, Germany) in the Bregg–Brentano geometry (coupled TwoTheta/Theta) in the angular range of 2θ = 3–30°, step 0.01° and azimuthal sweep φ = 0–2 π in increments of 10°, X-ray radiation Cu-Kα, λ = 1.54 Å, Voltage −40 kV, Current −20 mA, spectrum acquisition time 2 s. Each of the X-ray images presented in this work contains 37 slices where slice 1 coincides with slice 37. This φ overlap was performed to confirm the absence of changes in the molecular structure of the test sample during a 360-degree survey.



Analysis of the degree of crystallinity as well as the phase composition of the initial sample was determined using the TOPAS v.5.0 (Diffraction Suite, Bruker AXS GmbH 2014, Billerica, MA, USA) software code based on the Rietveld method [42]. A schematic layout of the survey geometry is shown in Figure 1b. The X-ray diffraction pattern of the pristine PET sample in a φ = 0–2 π sweep is shown in Figure 1c, where two individual regions can be distinguished: the amorphous part of the PET at 2θ = 3–15° and the crystalline part characterized by two diffraction reflections (−110) at 2θ = 23° and (100) at 2θ = 26°.



We note that the coordinate φ is polar: the constant intensity of the peak for all angles φ in Figure 1c demonstrates the polar isotropy of the test sample. The X-ray diffractometry of chain molecules has its own nomenclature: the direction along the texture is called the "meridian" and is indicated by a red line in X-ray diffraction images, while the direction perpendicular is called the "equator" and is indicated by a blue line [43]. For this reason, X-ray slices with angles 0°, 180° and 360° in Figure 1c are highlighted in red and coincide with the direction of the meridian, and X-ray slices with angles 90° and 270° are indicated in blue and coincide with the direction of the equator.





3. Results and Discussion


The X-ray diffraction patterns obtained in the geometry (2θ, φ) for PET samples treated under the above conditions are presented in Figure 2 and Figures 4–7. Since we are interested in comparing the differences in these patterns, in the graphs in Figure 3 we have plotted the azimuthal intensity for each for the three ion charges (and the pristine film) at 2θ = 5° and 2θ = 26°, for each of the five fluences.



Figure 2: Fluence of 5 × 1010 ions/cm2



The X-ray diffraction pattern for the lowest initial ion charge (Kr13+) (Figure 2a, red lines Figure 3a below) exhibits the same qualitative features as those seen for Ar8+ ions at the lower two fluences used in [22]: a meridian reflection in the region 2θ = 5–12° showing induced ordering in the amorphous phase and an azimuthally isotropic diffraction ring at 2θ = 26° in the crystalline phase, indicating that each latent track is isolated from all others. Increasing the ion charge by one to Kr14+ for the same fluence (Figure 2b, Figure 3a blue lines) leads to a small azimuthal anisotropy in the diffraction reflection intensity at 2θ = 26°. As shown in [30], the onset of this anisotropy indicates the formation of spiral conformations in overlapping regions of the residual electric fields of latent tracks in PET. This X-ray diffraction picture also shows an increase in the size of the induced ordering zone, with the meridional reflection increasing in length (from 2θ = 5–12° to 2θ = 5–14°) and intensity, for which we currently have no explanation but might be elucidated via experiments at lower fluences. The X-ray diffraction pattern for Kr15+ ions (Figure 2c, Figure 3a green lines) shows a clear azimuthal anisotropy in the intensity of the diffraction reflection at 2θ = 26°, and a return of the meridional reflection to values of 2θ angular size and intensity similar to those for Kr13+.



Comparing these results with the results for Ar8+, where anisotropy began to emerge at a fluence of 1 × 1012 ions/cm2 (see Figure 3, [22]) and was well established at a fluence of 2 × 1012 ions/ cm2 [30], we see that for Kr14+, anisotropy emerges at an irradiation fluence that is 20 times lower, indicating a notably stronger ordering effect for Kr14+ ions compared to Ar8+ ions.



The above interpretation of the X-ray diffraction patterns makes it possible to estimate the transverse dimensions of the latent tracks of Ar8+ and Kr14+ ions in PET. If we assume that the fluence at which we first see structural evidence of overlap is close to its actual onset, then the average distance between ion trajectories at this fluence provides an estimate of the transverse dimensions of the latent tracks. In the case of Ar8+, this assumption is supported by the fact that there was no evidence of overlap at two lower fluences [30]. For Kr ions, no experiments were performed for lower fluences so it is possible that the onset of overlapping starts at fluences lower than 5 × 1010 ions/cm2, in which case this approach will underestimate the transverse dimensions of the latent tracks. This approach yields estimated values of the radii of latent tracks in PET of 5 nm for Ar8+ and 22 nm for Kr14+. These estimates are rather higher than the estimate of 3 nm for U ions reported in [44], but broadly align with those in [45,46], which were derived from measurements of the radial etching rate of latent tracks after irradiation with heavier ions (U, Au, Xe) of generally higher energies (in the range of 1 to 11.6 MeV/u), which found radii of up to 100 nm.



Figure 4 and Figure 5: Fluences of 7.5 × 1010 ions/cm2 and 1 × 1011 ions/cm2 respectively



At both these fluences, the X-ray diffraction patterns for Kr13+ ions show a clear anisotropy in the intensity of the peak at 2θ = 26°, with a greater anisotropy at the higher fluence (see also Figure 3b,c, red lines). Using the same assumptions and approach as previously, this leads to an estimate of 18 nm for the value of the radius of latent tracks for Kr13+ ions.



Perhaps surprisingly, for both Kr14+ and Kr15+ and at both fluences, the azimuthal anisotropy in the X-ray reflection at 2θ = 26° has almost completely disappeared. In addition, the intensities of all four maxima at 2θ = 26° are practically the same, within the experimental noise limits (of approximately 200–300 cps), as are the intensities of the amorphous phase reflection at 2θ = 5° (see Figure 3b,c, blue and green lines). This is despite the increases in both ion charge and fluence.



We believe that the most plausible explanation for this loss of the X-ray signature of spiral conformations together with the absence of change in the intensities at 2θ = 5° and 2θ = 26° is as follows. Within the overlapping areas, the residual electric fields of latent tracks (which all share the same cylindrical symmetry) exert opposing, repulsive electrostatic forces, which are counterbalanced by mechanical forces due to elastic stresses in the polymer film. This is an inherently unstable situation, in which conformational isomers—rotational stereoisomers (rotamers) corresponding to local energy minima—exist in dynamic balance, interconverting on timescales that are far too short for resolution by X-ray diffraction. In such situations, X-ray diffractograms, which are effectively an integral over time, show only the response from the crystalline phase. Although rotamers in rapid dynamic equilibrium have no X-ray signature, their energy-absorbing presence would account for the constancy in the peak X-ray intensities as the energy density increases.



The observed spiral conformations at lower energy densities are unusually stable rotamers, known as atropisomers, for which interconversion is hampered by restrictions on rotation [47], creating sufficiently large potential barriers between different rotamers that they exist long enough to be observed by X-ray diffraction methods. The disappearance of spiral conformations as the ion charge and fluence increase can then be understood as resulting from rotamer lifetimes dropping below the time of observation required for X-ray analysis.



Figure 6 and Figure 7: Fluences of 2.5 × 1011 ions/cm2 and 5 × 1011 ions/cm2 respectively



At these higher fluences we observe azimuthal anisotropy in the intensity of the peak at 2θ = 26°, and a qualitative change in the X-ray diffraction pattern in the amorphous phase, for all but the third picture in Figure 6, to which we will return later.



In the other five pictures, in the region 2θ = 5–12°, in addition to the meridional reflections, new diffraction reflections appear, broadly centered around the equator, with azimuthal angular sizes of approximately ±20° either side, as can be seen in Figure 3d (red and blue lines) and Figure 3e (red, blue, and green lines). In the polar coordinate system (2θ, φ) these form a cross, oriented broadly along the meridian and equator, signaling the presence of spiral atropisomers. As these are in the amorphous zone, they must lie within latent tracks, in contrast to those observed earlier in overlap areas on the periphery of single tracks [22,30]. These new X-ray patterns can be understood as resulting from tracks overlapping to such an extent that the whole film has become ‘overlapped track’, with interchain cross-linking occurring throughout the entire film. Since the values of angles in direct space are the same as those in the reciprocal space [33], this range of angles (90° ± 20°) indicates the presence of three types of spiral atropisomers, of inward (φ < 90°), outward (φ > 90°) and cylindrical (φ = 90°) helicity.



The third picture in Figure 6 (Kr15+ for a fluence of 2.5 × 1011 ions/cm2, Figure 3d green lines) is qualitatively similar to the set of five described above, with an azimuthally isotropic peak at 2θ = 26° in the crystalline phase and an amorphous phase meridional reflection at 2θ = 5–12°. In this case, however, the crystalline phase intensity peak at 2θ = 26° has dropped by approximately 25%. This indicates an increase in stresses transferred along the PET molecular backbone to the crystalline phase due to an increase in the induced ordering in the amorphous phase (as was seen in [22]) – but here there is no corresponding increase in the intensity of the amorphous meridional reflection. In addition, the spiral atropisomers seen in the amorphous zone for lower ion charges at this fluence (Figure 3d, red and blue lines) have disappeared. These observations can be understood as due to a reduction in the temporal stability of the rotamers to below the threshold for X-ray observation, as was also seen at lower fluences (Figure 6 and Figure 7). Despite being invisible in the X-ray pattern, the rotamers cause stresses which are transmitted along the molecular backbone, leaving a signature in the reduction in intensity of the X-ray peak at 2θ = 26°.



Figure 8 shows schematically a visualization of the process of induced ordering in the residual electric field. Thin blue horizontal lines indicate the axes of chain molecules, lying mainly along the direction of movement of the film during its production. As mentioned above (Section 2.1), in the amorphous phase of the pristine film, benzene-carboxyl units are oriented in a random manner around the axes of chain molecules, as shown in Figure 8a by different projections of benzene rings with carboxyl units.



Figure 8b shows the rotational ordering of benzene-carboxyl subunits under the influence of the cylindrical residual electric field E (red arrow) of the latent track. These units are bound within the chain molecule by covalent forces and are not able to make linear movements (except for slow creep-like movements [30]), but, being linked to the chain by σ-hinges, they can rotate around the axis of the molecule. The combination of kinematic restrictions and rotation leads to the benzene-carboxyl units tending to move to maximize the projections of the dipole moments of the carboxyl groups onto the direction of the electric field vector E. This results in the carboxyl groups becoming generally oriented in the same direction, as shown in Figure 8b.



The appearance of helicoid structures occurs through self-assembly of repeat units of PET [48]. Another example of self-assembly of chain molecules with the formation of nanopores is shown in [49].




4. Conclusions


The results of our studies clearly demonstrate that post-irradiation structural changes in PET films are affected by the initial charge of the irradiating heavy ions. We used the fluence associated with the onset of the overlapping of individual latent tracks to estimate the radii of latent tracks in PET to be 5 nm for Ar8+, 18 nm for Kr13+ and 22 nm for Kr14+. Our results confirm our previous conclusion that with the onset of the overlap of the residual electric fields of latent tracks, rotamers are formed in the overlap regions. Restrictions on interconversion between rotamers are sometimes sufficient to allow the formation of long-lived atropisomers whose spiral signatures can be observed in X-ray diffractograms.



At high enough fluences and/or ion charges, all latent tracks overlap, and spiral conformations are seen throughout the entire irradiated film. The dipole–dipole nature of the interchain cross-linking that creates these rotamers means that this cross-linking is reversible [22,30]. This contrasts with the well-known chemical cross-linking of polymer chain molecules under irradiation, caused by δ-electrons and secondary knock-on electrons [50,51], which involves the breaking and formation of chemical bonds. In our samples, a question arises as to whether it is useful to continue to speak about overlapping latent tracks, or makes more sense to speak about a dipole–dipole cross-linked irradiated film.
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Figure 1. (a) Schematic representation of the PET crystalline lattice, its conformations and electron configuration; (b) Diagram of the X-ray diffractogram survey geometry; (c) X-ray diffractogram of the pristine PET sample in the φ = 0–2 π geometry (blue lines show equator, red lines the meridian). 
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Figure 2. X-ray diffraction patterns of test samples polymer films: (a) irradiated Kr13+ ions; (b) irradiated Kr14+ ions; (c) irradiated Kr15+ ions for a fluence of 5 × 1010 ions/cm2. 
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Figure 3. Azimuthal variations in the intensity of diffraction reflections (black line – initial sample; red line – irradiated by Kr13+ ions; blue line – irradiated by Kr14+ ions; green line – irradiated by Kr15+ ions): (a) 5.0 × 1010 ion/cm2): (b) 7.5 × 1010 ion/cm2; (c) 1.0 × 1011 ion/cm2; (d) 2.5 × 1011 ion/cm2; (e) 5.0 × 1011 ion/cm2. 
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Figure 4. X-ray diffraction patterns of test samples polymer films: (a) irradiated Kr13+ ions; (b) irradiated Kr14+ ions; (c) irradiated Kr15+ ions. 
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Figure 5. X-ray diffraction patterns of test samples polymer films: (a) irradiated Kr13+ ions; (b) irradiated Kr14+ ions; (c) irradiated Kr15+ ions. 
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Figure 6. X-ray diffraction patterns of test samples polymer films: (a) irradiated Kr13+ ions; (b) irradiated Kr14+ ions; (c) irradiated Kr15+ ions. 
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Figure 7. X-ray diffraction patterns of test samples polymer films: (a) irradiated Kr13+ ions; (b) irradiated Kr14+ ions; (c) irradiated Kr15+ ions. 
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Figure 8. Schematic representation of the orientation of benzene-carboxyl units of the amorphous phase of the PET film: (a) pristine; (b) in the residual electric field of the latent track. 
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Table 1. Parameters of 84Kr ion acceleration.
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	Ion
	Charge
	Energy, MeV/A
	Energy, MeV
	Field, T
	HF, MHz





	1
	84Kr
	15+
	1.1905
	100
	1.25015
	13.712



	2
	84Kr
	14+
	1.1905
	100
	1.33943
	13.712



	3
	84Kr
	13+
	1.1905
	100
	1.4425
	13.713
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