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Introduction

Because of its particular "resistance" to ionizing radiations [l], there has been in recent years great interest in the use of the poly( 4vinylpyridine) resin (P4VP) in nuclear waste reprocessing programs [START_REF] Lemaire | [END_REF]. This property has been recently quantified in terms of variation of * Corresponding author. specifi c physico-chemical characteristics such as number of protonatable sites, quantity of extracted Pd, etc. as a function of the gamma-ray dose delivered from a 137 Cs source [3]. On the other hand, various analytical tech niques have been used for the characterization of the chemical structure modifications and a coherent picture of the observed evolutions has greatly benefited from the plasma desorption mass spectrometry (PDMS) technique [4,5]. In fact, the effects of the gamma irradiation are explained in terms of competition between scissions, leading to free radicals or modified chains (in which double-bond formation is observed) and recombinations of such species as a function of the integrated dose. Such interpretations are based on secondary ion emission, which by its nature, also results from the production of fragments in the vici nity of the primary particle trajectory. In the present work we have not only considered the results of high energy ion interactions leading to PDMS spectra but have also compared them to those resulting from low energy ion interactions using static SIMS and the so-called "spontaneous" desorption [6,[START_REF] Benguerba | Proc. 39th ASMS Conference on Mass Spectrometry and Allied Topics[END_REF]. Moreover, in addition to a comparison of analytical perfor mances (as reported by the Munster group [START_REF] Feld | [END_REF] ), we have attempted some rationalization of the mechanisms of fragment formation under these two different regimes of energy deposi tion, and we propose a tentative interpretation for the gamma irradiation effects. Since both analysis techniques are based on time-of-flight (TOF) measurements, the terminology proposed by Sundqvist [START_REF]Sputtering by Particle Bombardment III[END_REF] will be adopted. Accordingly, low velocity impact solid sample fast extraction se�ondary ion mass spectrometry (LSF-SIMS) with KeV ion irradiation will be used in place of static SIMS and high velocity impact solid sample fast extraction secondary ion mass spectrometry (HSF-SIMS) with MeV ion irradiation instead of PDMS.

Experimental

Sample preparation

The P4VP resin, cross-linked with 2% divi nylbenzene, was supplied by Reilly Industries Inc. Indianapolis, Indiana. This material appears as a thin (specific area of about 0.5 m 2 g-1 ) white powder, insoluble and infusible. It has the chemical structure sketched in Fig. 1, with, on average, one cross-link every 57 pyridine units. Plugged glass containers filled with 1.8 g of this powder were exposed to various irradiation doses (here expressed on the current SI unit of Gray, equivalent to 6.24 eV g-1 ) from 137 a Cs gamma source. The doses absorbed were determined after calibration to be 148 ' 480, 3360, 7200 and 14 400 kGy at a dose rate of 20 kGy h-1 . Then pellets 1 mm thick were made by compression at 2 tonne cm -2 ofO. l g of the powder in a stainless steel cylinder of 8 mm internal diameter. This cylinder and the sliding block in contact with the sample surface were systematically cleaned to avoid any contamination from the lubricant.

The soluble portion of the irradiated samples was extracted into ethanol (0. 15 g of material into 2 ml of solvent) and the corresponding soluble fraction (%) was determined from the weight of dried material found on the filter and/or, for the most soluble samples (high irradiation doses), from the weight of material left after evaporation. Thin films were prepared from these solutions at various concentrations after the required number of dilutions (se� below), by spin-coating deposition on alumi nized mylar backings. Since a typical volume of solution was 10 µl, and the typical area of d .
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epos1t was around 2.5 cm , the largest thickness value never exceeded 0.5 µg cm-2 .

Instrumentation

The different TOF detection procedures used in this work are sketched in Fig. 2. The Based on "ion by ion" detection conditions the spectrometry implies that each primary ion must be detected. This is easily done for the thin films, from which fast projectiles can be transmitted and detected by a surface barrier detector giving the start signal. For the thick samples, but for negative ions only, the emitted electrons can be used to generate the start signal [START_REF] Allali | [END_REF]. Also, for thick targets, the incident projectiles can be detected before hitting the target from the electron emission of a thin carbon foil placed close enough to the target site (to avoid too large a scattering dispersion). Such a "start foil" signal is obtained from a time-pick-up device described previously [11]. Then, either positive or negative ions can be detected, depending on the target biasing. Argon ions accelerated up to 9 MeV by the 4 MV van-de Graaff machine of the Institut de Physique Nucleaire were used as primary particles. Compared to the use of a conven tional 252 Cf source (where primary ions are fission fragments) such a device is somewhat sophisticated but has several decisive advan tages, although not fully exploited in these experiments. Let us simply mention that a sharp and well-aligned spot can be obtained which offers the possibility of lateral homoge neity probing, even at a few micrometers level of resolution [11]. In addition, the optics of the TOF spectrometer allow the determination of the angular distribution of the emitted ions [START_REF] Allali | [END_REF] which can be very important in the future understanding of the spatial distribution of the energy deposited by the incident high energy ion [12]. Finally, these experimental conditions lead to the highest yield values if one compares our results on reference materials such as alkali halides [START_REF] Allali | [END_REF] with those published in the literature.

The experiments are performed under conventional vacuum conditions 00-7 mbar).

With a continuous beam of around 1000 ion s-1 , the analysis is essentially non-destructive and no charge compensation is required. This does not mean that the detection is always free from secondary effects (background or peak broadening) but with typically 5 x 10 9

primary ions received per cm 2 , no surface evolution can be detected.

Results and discussion

HSF-SIMS: positive ion emission

The positive PDMS spectrum of an untreated P4VP sample is shown in Fig. many other fragments (for example from masses 27 to 73 Da) result from polyfragmen tation of the polymer chain and cannot be considered as characteristic, some others are clearly associated with the monomer (m/z 118 and 120) and the dimer (m/z 197). The tropy lium cation described in Ref. [13] should be responsible for the peak corresponding to m/z 93. As sketched on Fig. 4, all the fragments result from benzylic scissions often associated with a loss of H or CH 3 radicals, ionization being a simultaneous process. Such a process of bond scission with localization of the charge at the functional side-group has already been described from static SIMS experiments which lead to similar spectra [13].

All the irradiated samples exhibit a very similar spectrum, without any significant changes in the ion yield whatever the integrated dose. Thus it can be provisionally concluded that the probability for the analyzing beam to induce the previously described process is the same from the intact network or from 1-irradiation-induced fragments, if any are formed.

HSF-SIMS: negative ion emission

From the negative ion spectrum of Fig. 5(a) only four peaks will be considered as charac teristic of the material. Apart from the usual contaminants (m/z 49, 73, 97, 121), many CnH fragments (bearing the * label on the spectra) come from multifragmentation of the polymer backbone and do not reflect its chemical struc ture. As discussed in the following, the remain ing fragments can be considered as characteristic of the polymer structure since their emission yield is sensitive to the 1-induced modifi ca tions. As sketched on Fig. 6, these fragments result from pyridinic scissions (A-type in the following) which can be single or in coinci dence with a vinylic or benzylic scission (B-type) on a neighboring site. The m/z 78 peak is a typical illustration of scission A. Simultaneous scissions A+ B involve the pro duction of double bonds, leading to m/z 41, when occurring near a chain end or to m/z 146 when occurring within a chain. Even con jugated double bonds could be produced through A+ A+ B processes (m/z 158). The poor mass resolution of our system cannot be exclusively responsible for the width of these last two peaks. A doublet can be sus pected at m/z 146-148 or even resolved at m/z 158-162 (see Fig. In sharp contrast to what is observed with positive emission, the effects of gamma irradia tion are well detected. It can be qualitatively observed that even at the lowest integrated dose of 148 kGy, there is a noticeable increase in the intensity of the characteristic peaks of the original material (especially m/z 41 and 78; Fig. 5(b )), being more pronounced for the fragments resulting from A scissions induced by the gamma irradiation. As the simplest example, if the pyridine radical is preformed, the corresponding negative ion will only require an electron capture to be emitted. Also, as sketched in Fig. 7, the fi nal emission of the ions at m/z 146 and 158 will be easier from fragments resulting from either A or B scissions; in the first case the analyzing beam hand, it has been previously shown that the fragment of mass 211, when formed under ion bombardment, is preferentially ionized and leads to [M +HJ + ion emission. If pre formed under gamma irradiation it could be responsible for the production of the related ions. Of course, when a benzylic scission occurs, the resulting modified chain is the counterpart of the production of the dimer and trimer radicals sketched in Fig. 7.
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the fragments already observed in the unirra diated sample tend to saturate while the emission of the new fragments exhibits a fast decrease and vanishes. Such behavior has been inter preted in terms of radical recombinations [5) above a given concentration of fragments or modifi ed chains, also leading to a decrease in the mobility of the charged fragments. The somewhat different behavior of the m/z 41 fragment can be related not only to the fact that, being the smallest, it has the greatest mobility but also to the fact it results from scissions occurring at chain ends. As an extreme consequence, the ions corresponding to the largest fragments resulting from gamma

The yield variation of all these fragments as a function of the integrated dose is given in Fig. 9. It can be observed that the smallest dose is responsible for the steepest increase. However, for increasing doses, the yields of irradiation have a lower mobility and their emission is then strongly affected by the recombination processes.

Study of the soluble and insoluble fractions of the irradiated material

From the free radicals formed under gamma •irradiations as well as their recombination products, those leading to linear fragments will be extracted with ethanol. Indeed, there is an increasing quantity of soluble material as a function of the dose of irradiation and such a variation is in good agreement with the corresponding variation of the number of spins per gr�m measured by electron paramag netic resonance spectroscopy (EPR) [5]. As the simplest way to determine such a variation for a particular species in the solution, one can still use the HSF-SIMS technique applied to deposits taken from solutions containing a known amount of extracted material. How ever, the thickness of such deposits must be smaller than the emission depth of the emitted ions, i.e. within a range where the yield varies linearly with the layer coverage, as illustrated in Fig. 10. There the [M + H] + emission yield has been measured from spin-coated targets corresponding to increasing soluble fraction concentrations of (a) a non-cross-linked resin or (b) a 2% cross-linked material irradiated with the largest dose. The first case corre sponds to the presence of the longest chains in the solution, while the second corresponds to the highest soluble fraction with much smaller fragments. Indeed, the steeper slope is found when large chains are present, presumably leading to a better coverage. For the curve corresponding to the largest integrated dose, the concentration required for being below the saturation value (around 50 µg cm-2 in the present example) sets the number of dilutions one has to perform on each solution corre sponding to a given dose of irradiation.

From the spin-coated targets so realized, the variation in yield of a given ion will reflect the extracted proportion of the related species. Then, as shown in Fig. 11, the analysis of such targets leads to a yield variation of the main positive ions as a function of the irradia tion dose very similar to the variation of the soluble fraction. Since the positive ion emission has been found insensitive to frag ment formation when performed from the bulk sample, the present variation must be interpreted as a simple proportionality to the amount of extracted material whether it is a fragment or an unmodified chain. This indi cates that a positive ion is formed with almost the same probability from a B scission and simultaneous ionization of the fragment formed, as from a simple ionization on the same fragment preformed by 'Y irradiation (see Fig. 4).

For the emission of negative ions, the yield variation will reflect the amount of free radicals from which they can be produced (as proposed in Fig. 7). Then, as observed in Fig. 12, the yields of the ions of m/ z 41 and 78 remain similar whatever the integrated gamma dose, in contrast to what was observed for the bulk samples (Fig. 9). According to the proposed mechanisms sketched in Fig. 7, both A and B gamma-induced scissions will favor production of free radicals leading to the emission of the m/z 78 ion (pyridine fragment directly from A scissions or larger fragments resulting from B scissions). On the other hand, compared to the bulk situation, A scissions leading to modified but insoluble chains will not contribute to the emission of the m/z 41 ion, thus explaining the reduction of this emission relative to those of the pyri dine ion. The emission of the other ions previously observed from the bulk is strongly reduced (m/z 158 is hardly detected). However, the fragments corresponding to the dimer are clearly identified in the solutions from the peaks at m/z 197 and 211, and, in contrast to the bulk situation, the emission does not van ish when increasing the ion dose. From the mechanism proposed in Fig. 8, one may infer that the free radicals responsible for the emis sion can be extracted (i.e. they do not recom bine). Consequently, it can be concluded that the extinction of the emission from the bulk results from some trapping of the ions instead of a recombination of the radicals produced. The analysis of the remaining material once the extraction has been performed must confirm the previous fi ndings. For the most favourable case of the highest dose ( 14 400 kGy ), the residue was dried and the resulting pellet analyzed. The yield reduction for the most significant peaks at m/z 78, 41, 146 and 158 is respectively 5.0, 2.6, 1.6 and 1.2. These numbers are only indicative since they result from a single experiment, but the qualitative trend is specta cular. As expected, the m/z 78 ion is more easily formed from the extracted fragments while the m/z 41 ion can be formed either from fragments or from modified end chains. As far as m/z 146 and 158 are concerned, there is a clear indication that the related ions are formed from insoluble modified chains (Fig. 7). Accordingly, the dimer and trimer fragments formed by B scissions will more easily give rise to positive (Fig. 4) than negative ions. 

LSF-SIMS

One of the major difficulties of a comparative study with LSF-SIMS is, of course, to perform the analysis under comparable experimental conditions. As an example, when using a Perkin-Elmer PHI 7200 TOF-SIMS instru ment with 8 keV cs + ions as primary particles one expects typical flux rates of about 4 x 10 10 ion cm-2 s-1 , so that about 5 x 10 12 ion cm-2 are received by the analyzed sample (three orders of magnitude greater than in HSF SIMS). Then charges have to be neutralized using an electron fl ood gun with energies limited to 70 eV. However, the analysis condi tions are close to ultrahigh vacuum 00 -9 mbar). Rather unexpectedly the major contribution to the spectra of Fig. 13 is contamination from persulfates. Although the presence of the peaks already observed with HSF-SIMS for the 148 kGy irradiation in the mass range 183-211 is unambiguous, some samples also exhibit an unexpected group in the m/z 278-339 range (Fig. 13 (b)). Finally, one has to be cautious about assigning the pyridine pattern only from its fragments (CN-, OCN-), although the variation of the yield of these fragments with the ion dose is very similar to what was previously observed with HSF-SIMS for the pyridine fragment.

The only way to perform LSF-SIMS analyses under precisely the same experimental condi tions is to use the so-called "spontaneous desorption" phenomenon which has been well explained as a bombardment of polya tomic ions [6,[START_REF] Benguerba | Proc. 39th ASMS Conference on Mass Spectrometry and Allied Topics[END_REF] with a broad mass distributions but at an energy corresponding to the target biasing (keV). Thus when comparing these results (spectra of Fig. 14) to the previous ones, the following observations can be made: (1) the pyridine fragmentation is higher at low energy and the process appears to be sensitive to the analyzing beam flux rate; (2) the mass distribution 183-211 appearing at the 148 kGy gamma dose is also detected at low energy; (3) there is confirmation that a large mass distribution from 278 to 339 can be observed on some samples where accidental contamination has been found from the lubri cant of the press used for pellet production. These peaks are sequentially separated by 14 Da and disappear after some irradiation by the cs + beam. The fact that they are never detected by HSF-SIMS confirms that the sensitivity to surface contamination is dif ferent for the two velocity regimes. However, points (1) and (2) provide more specifi c infor mation about the scissions induced in the low velocity regime. Neither pyridinic nor benzylic scissions, nor their simultaneous occurrence, are observed as they are in high energy bom bardment, but more "extended" damage seems 'tesponsible for the pyridine fragmenta tion. Conversely, the emission of ions resulting from gamma-induced dimer or trimer frag ments may indicate that the corresponding ions result from softer processes (electron cap fure, CH 2 rupture). Also interesting in the "spontaneous" desorption process is the unex pected presence of the m/z 211 ion in the uni rradiated sample (Fig. 14(a)). One has to note that such a spectrum results from a fairly long acquisition time and consequently the primary ion dose is somewhat high (around 2 x 10 10 ion cm-2 ). Then, an effect similar to gamma irradiation could be evoked, while under LSF-SIMS conditions, where the dose rate is typically five orders of magnitude higher, the sputtering effect is dominant.

Conclusion

From the SIMS analysis of the bulk samples and the soluble and insoluble fractions result ing from gamma irradiation, a coherent picture of the formation of fragments can be obtained for different energy deposition processes. One particular aspect of fast (Me V) ion interactions with the P4VP network is the possibility of inducing simultaneous pyridinic-pyridinic, or benzylic-pyridinic scis sions or both. Subsequently, any single scis sion initiated by the gamma irradiation leads to preformed fragments from which the ion emission is easier under Me V bombardment. However, this is specific to negative ion forma tion. Since positive ion emission only requires benzylic scissions the phenomenon takes place either on intact or on prefragmented material. The occurrence of such simultaneous scissions is much less with low energy (ke V) ions, thus explaining the lack of sensitivity of LSF-SIMS to gamma-induced preformed fragments. As a noticeable exception, dimers or larger frag ments can be detected at low doses (as for MeV primary ions), but the related ion emission is strongly reduced when increasing the dose.
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 1 Fig. 1. Sketch of the molecular structure of the P4VP resin cross-linked with 2% divinylbenzene.

Fig. 2 .

 2 Fig. 2. Sketch of the experimental TOF spectrometer setup, showing the different ways of obtaining start signals: TFA, time-fi lter amplifi er: SBD, surface barrier detector: CFD, constant fraction discriminator. most important requirement for the analysis of such targets with the present spectrometer is to establish a reproducible electric field between the sample surface and the extraction electrode 2 mm away [4, 1 O]. Once correctly applied to the target and controlled, the 5 kV biasing allows the secondary ions to be accelerated over the flight distance of 125 mm toward the microchannel plate (MCP) assembly. With such compactness the efficiency is high (85% transmission) but conversely the mass resolu tion is poor, typically 190 FWHM at mass 133.Based on "ion by ion" detection conditions the spectrometry implies that each primary ion must be detected. This is easily done for the thin films, from which fast projectiles can be transmitted and detected by a surface barrier detector giving the start signal. For the thick samples, but for negative ions only, the emitted electrons can be used to generate the start signal[START_REF] Allali | [END_REF]. Also, for thick targets, the incident projectiles can be detected before
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 33 Fig. 3 . Positive ion mass spectrum of an untreated P4VP pellet sample.
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 4 Fig. 4. Proposed mechanisms of positive fragment formation under ion beam irradiation.

  5( c) ): these doublets include peaks that are interpreted are the capture of an additional H instead of the release of an Ha atom and double bond formation.
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 56 Fig. 5. Negative ion mass spectra: (a) from an untreated P4VP pellet sample; (b) from an irradiated sample with an integrated dose of 148 kGy; (c) from an irradiated sample with an inte grated dose of 14400 kGy. Characteristic ions appear in black squares, new ions following gamma-ray irradiation are circled, contaminants or c.H-fragments are marked with an asterisk.largest dose of 14 400 kGy (Fig.5(c)). In addi tion, new fragments are detected at low doses of irradiation, corresponding to m/ z 183-184, 197 and 211 (circled on the spectrum of Fig.5(b)). Since the gamma-ray interactions are randomly distributed within the material, simultaneous scissions are not expected from this process and only single A or B scissions have to be considered. Then, if the proposed mechanisms of ion formation sketched in Fig.6are relevant, it will be easier for the primary beam to produce such secondaries from
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 7118 Fig. 7. Proposed mechanisms for the emission of the negative ions of m/z 146 and 158, from A and B scissions induced by gamma irradiation.must interact with modified chains, in the second with dinner or trimer free-radical fragments.As far as new fragments are observed, the gamma irradiation must produce new entities
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 9 Fig. 9. Evolution, as a function of the integrated dose, of the yield of the fragments: (a) observed on the unirradiated sample ( m/z 41, 78, 146 and 158); (b) resulting from gamma-irradiation induced modifi cations ( m/z 183, 184, 197, 211).
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 10 Fig. 10. Variation of the yield of the molecular ion [M + Hj+ as a function of the concentration for: (a) non-cross-linked P4VP solution; (b) 2% cross-linked P4VP, irradiated at the highest dose (14400 kGy). Each data point corresponds to a 10µ1 assay spin-coated target.
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 1112 Fig. 11. Variation, as a function of the integrated dose, of the yield of the positive ions [M +Hi+ and those of masses 93 and 120, as obtained from thin fi lms corresponding to the resulting concentration of soluble material. Also plotted are the corresponding values of the soluble fraction (%). All data are normalized to the value at 14400kGy.
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 13 Fig. 13. LSF-SIMS negative ion mass spectra from (a) untreated P4VP pellet sample, (b) irradiated (and contaminated) sample with an integrated dose of 148kGy, and (c) irradiated sample with an integrated dose of 14400kGy.
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  Fig. 14. "Spontaneous" desorption negative ion mass spectra from (a) untreated P4VP pellet sample, and (b) irradiated (and contaminated) sample with an integrated dose of 148 kGy (same samples as for LSF-SIMS analysis shown in Fig. 1 3).
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