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Abstract 

The aim of the present study is to evaluate the mechanisms by which secondary 

electrons of low energy degrade poly(allyl diglycol carbonate) (PADC) when it is used 

as a Solid State Nuclear Track Detector. We measured by time of flight mass 

spectrometry, the positive and negative ions desorbed by the impact of 5-30 eV 

electrons on three monolayer thick films of various PADC surrogate molecules, which 

contained ether and/or carbonyl (C=O) moieties. As cleavages within the molecules 

progress, most anion yields are seen to decrease with an increasing cumulative number 

of incident electrons (i.e., fluence). In contrast, the yield of O- at incident energies > 15 

eV, which is associated with damage at a carbonyl group, increases monotonically with 

fluence. This finding implies that cleavage of carbonyl groups occurs after damage to 

other oxygen containing groups within the surrogates. The present result corroborates 

the previously postulated two-step degradation process in PADC irradiated with 

high-energy electrons and 222 nm UV photons. More generally, these results underline 

the importance of considering the role of low energy secondary electrons in the 

deterioration of high-sensitivity energetic particle detectors. 

 

*Corresponding author: Michel Fromm (michel.fromm@univ-fcomte.fr) 
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Table 1 List of fragments desorbed from condensed FDA, DC and DGMEA. 

 

Figure 1 Chemical structures of (a) a repeat unit of PADC; and molecular structures of 

(b) formaldehyde diethyl acetal, FDA, (c) diethyl carbonate, DC, and (d) diethylene 

glycol monoethyl ether acetate, DGMEA.  

 

Figure 2 The anion yields of (a) H-, (b) CH3
-, (c) O-, (d) OH-, (e) C2H4

-, and (f) C2H5O- 

as a function of the incident electron energy. Yields from FDA, DC and DGMEA are 

indicated respectively with circle, square and diamond symbols. 

 

Figure 3 The cation yields of (a) CH3
+, (b) C2H3

+, (c) C2H3O+ and (d) C2H3O2
+ as a 

function of the incident electron energy. The yields from FDA, DC and DGMEA are 

represented as circle, square and diamond symbols, respectively. 

 

Figure 4 The relative anion yield of CH3
- (open circles), O- (open triangles), C2H5O2

- 

(open squares) from DGMEA, as a function of the number of electrons. Full lines in the 

graph are guides for the eye. 

 

Figure 5 The relative anion yield of CH3
- (open circles), O- (open triangles), C2H5O2

- 

(open squares) from DGMEA, as a function of the number of incident 30 eV electrons. 

Full lines in the graph are guides for the eye. 

 

Keywords : dissociative electron attachment, low energy electrons, PADC, stimulated 

desorption 
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1. Introduction 

Poly(allyl diglycol carbonate), PADC, often called CR-39TM (its trade mark 

“Columbia Resin #39”) is considered as the most sensitive Solid State Nuclear Track 

Detector, SSNTD.(1),(2) Unlike other SSNTDs, PADC can detect energetic protons (and 

neutron recoil nuclei) as well as heavy ions, in mixed radiation fields without 

background noise. Due to this advantage, it has been utilized in diverse applications, 

such as space radiation dosimetry(3)-(5) and laser driven ion acceleration 

experiments.(6),(7) At least six books have been dedicated to SSNTD applications.(8)-(13) 

Beginning in the 1990s, molecular damage (i.e., loss/generation of chemical functions) 

within PADC has been examined using FT-IR spectrometric methods for a wide range 

of stopping powers, specifically from 1.2 to 12,000 eV/nm,(14)-(15) with a view to 

developing new SSNTD materials with desired track registration sensitivity from the 

viewpoint of molecular re-arrangement. Figure 1 (a) represents a repeat unit of PADC, 

which contains the radiation-sensitive moieties of an ether in the center and two 

carbonate esters in symmetrical positions. Such radiation-sensitive moieties are 

connected by “polyethylene-like” networks formed during the polymerization, which 

are considered as the radiation-tolerant moiety of the polymer.(17)  

From a complete analysis of the existing available data,(14)-(15) a two-step 

damage formation model of the latent track in PADC was deduced. This mechanism 

supposes that the carbonate ester can only be lost on the ester in the same PADC unit.(18) 

Based on the conventional track-overlapping model, which expresses the distribution of 

ion tracks using random numbers, we clarified that at least two electron hits are required 

to break the carbonate ester in PADC.(18) Indeed, it was quantitatively observed that the 

damage to PADC irradiated with protons and heavy ions follows a mechanism in which 

the amount of ether lost is always greater than that of carbonate ester and other 

functional groups. To further investigate this hypothesis and determine the mechanisms 

of PADC degradation, we measured the damage induced by low-energy electrons 

(LEEs, 5 - 30 eV) to surrogates of PADC. Since LEEs are produced in large numbers in 

organic media (~340,000/MeV of deposited primary energy),(19) we expect their 

interactions and the damage they induce in PADC to be significant and related to the 

mechanisms of degradation. In fact, the large amount of LEEs produced around the 

track of energetic protons in PADC has recently been determined by computer 

simulations.(20) 

In the present study, we investigated damage to hydrocarbon molecules 

condensed as thin films on a metal substrate in ultra-high vacuum (UHV). The 

measurements were performed by measuring desorption of negative and positive ions, 
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induced by electrons impinging on the films with energies between 5 and 30 eV. Since 

neither PADC nor diethyleneglycol bis allyl carbonate, (i.e. the monomer in PADC) are 

sufficiently volatile to be introduced as vapors into the apparatus, the electron 

stimulated desorption (ESD) currents were recorded with films made of condensed 

surrogates of PADC. We also note that previous anion ESD experiments have shown 

that LEEs induce C-O and C-H bond cleavages in small ethers and hydrocarbon 

molecules.(22),(21) 

 

2. Experimental section 

2.1. Materials 

The surrogates of PADC, whose nomenclatures are presented in Fig.1 (b), (c) 

and (d), are formaldehyde diethyl acetal (FDA), diethyl carbonate (DC) and diethylene 

glycol monoethyl ether acetate (DGMEA), all of which were obtained from 

SIGMA-ALDRICH Co. LLC. Two ethers, methylene and ethyl groups compose FDA. 

In contrast, DC contains only a carbonate ester groups in its center. DGMEA contains 

both radio-sensitive moieties of ether and carbonate groups which are separated by ethyl 

groups.  

2.2. LEE irradiation and TOF mass spectrometry 

For each target, three monolayers of a particular surrogate molecule were 

condensed into three monolayers on a platinum substrate held at 50 K in a stainless steel 

UHV chamber pumped to 2×10-10 Torr installed in Sherbrooke University, Canada. 

(23),(24) LEE irradiations were performed with a pulsed electron beam (Current: 1.1 nA, 

Beam size: 3±0.5 mm2) by a Kimball Physics ELG-2 electron gun. Electrons impinged 

onto the molecules at an incident angle of 45° from the substrate normal. The desorbed 

ions yields were measured as functions of incident electron energy (ion yield functions) 

by recording mass spectra for 105 electron pulses (equivalent to 1.4×1011 electrons) at 

incrementally increasing incident electron energies with steps of 0.25 eV. To minimize 

the effects of sample charging, yield functions were recorded for 5 - 15 eV on one film, 

and then, for 15 - 30 eV on another. Desorbed fragments were injected into a time of 

flight (TOF) mass spectrometer (Kore Technology R-500) to record the yields and mass 

to charge ratios (m/z) of desorbed anions and cations. (24) 

 

3. Results and discussion 

 In the present ESD experiments, desorption of anions essentially stems from 

two distinct processes: dissociative electron attachment (DEA) and dipolar dissociation 

(DD). DEA to a molecular target AB can be represented as, (25) 
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𝐴𝐵 + 𝑒 → 𝐴𝐵∗ → 𝐴 + 𝐵       (1) 

where AB*- is the intermediate transient anion, which dissociates into a stable anion A- 

and a neutral species B within a short lifetime of the order of a vibrational period of 

AB*-. DEA is a resonant scattering process due to involvement of the transient 

(compound) anion state formed by both the molecule and incident electron. The DD 

process corresponds to the following reaction scheme,(25) 

𝐴𝐵 + 𝑒 → 𝐴𝐵∗ + 𝑒 → 𝐴 + 𝐵 + 𝑒        (2)                                         

In DD, the electronically excited molecule fragments into an ion pair of A- and B+. 

The cross section for the DD process is usually non-resonant and hence increases 

monotonically with electron energy; i.e., in our data, from threshold (12 - 15 eV) 

to maximum values at higher energies between ~50 and ~100 eV. (25)  The 

desorption of cationic fragments also proceeds by dissociative ionization (DI) via 

excitation of dissociative molecular cationic states of the molecule, i.e., 

AB + e-→ A + B+ + 2e-                                              (3) 

Threshold energies for the DI process will be higher than for DD by at least the electron 

affinity of the electronegative fragment A; maximum yields are observed at similar 

energies to DD processes. DD and DI processes by electronic excitation are examples of 

non-resonant scattering processes. 

Desorbed negative and positive fragments are listed in Table 1. Some 

examples of anion and cation yield functions are illustrated in Fig. 2 and in Fig. 3, 

respectively. Circle, square and diamond symbols indicate, respectively, the anion and 

cation yields from FDA, DC and DGMEA. The yields of H- (m/z = 1) are at least three 

orders of magnitude higher than all other anions, consistent with previous results based 

on condensed hydrocarbon targets.(21)(21) Yields of CO- or CO2
- (m/z = 28 or 44), whose 

neutral forms are known to originate from the segmentation of carbonate ester groups(26) 

were not observed for any target molecule(27),(28), due to the negative electron affinities 

of CO and CO2 ground states. (28) Since the detection probabilities of the ions vary with 

their mass, momentum and their interactions in the film prior to desorption,(23),(24) it is 

not possible to infer relative cross sections for ion production from the measured ion 

yield. The anion yields of CH3
- (m/z = 15) are represented as a function of the incident 

electron energy in Fig. 2 (b). Most likely, the CH3
- originates from cleavages at the 

positions labeled “1” in Fig.1. CH- and CH2
- (m/z = 13 or 14) are also observed and may 

originate from proton transfer during the same DEA process that generates the CH3 

moiety. In Fig. 2 (b), we observe DEA resonances at 9.0 eV, that can be assigned to the 

decay of core-excited transient anions.(25) Above 15 eV, the recorded monotonic 

increase of the yields corresponds to DD. Similar trends are observed in the anion yield 
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functions of H-, C2H4
-, and C2H5O- (m/z = 1, 28, and 45).  

In contrast to the high anion yields of H-, the cation signal of H+ is barely 

observable. No noticeable structures are seen in the cation yield function of CH3
+ (Fig. 3 

(a)), whose amplitude rises significantly above 18 eV. The behavior of CH3
+ yield 

function is almost identical to those of all other cations, as depicted in Fig. 3 (b), (c) and 

(d). Judging from these trends, it can be concluded that the threshold of DD lies 

between 15 and 18 eV. We also observe a clear peak in the anion yield function of O- 

(m/z = 16) from DC at 9.5 eV (Fig. 2 (c)). On the other hand, the O- yield functions 

from FDA and DGMEA do not exhibit noticeable resonances. Moreover, the O- yield 

from FDA does not rise significantly above 16 eV. Thus while O- anions desorption 

from ethers in FDA is barely detected, the release fragments with m/z = 25, 26, 27, 28, 

29, 41, 43 and 45 from FDA reveals significant ether damage. In contrast, we observe a 

drastic increase of the O- yield from DGMEA above ~15 eV incident electron energy. 

Therefore, O- desorption from DGMEA arises from electronic excitation of the double 

bond in location labeled “2”, which has no analog in FDA. The yield function of OH- 

(m/z=17) is also seen in Fig. 2 (d). In the OH- yield function, the resonances are 

observed around 10 eV and a monotonic rise in yield is confirmed above 15 eV. 

Qualitatively speaking, desorption of OH- are fairly low compared to those of other 

anions. The desorption of OH- from these molecules suggests that some rearrangement 

or “scrambling” during dissociation is possible, for example to allow proton transfer 

from a carbon atom to a departing O- ion. The formation of OH- by the reactive 

scattering of O- in hydrocarbon containing films has also been reported. (30) In such 

cases nevertheless, OH- yield was significantly smaller (i.e., < 10%) that of the O- 

signal. 

In previous experiments with UV photons at a wavelength of 222 nm, 

decarboxylation accompanied by the release of CO and CO2 gas was observed by IR 

spectroscopy along with the loss of carbonyl signal in PADC.(31) It was additionally 

found that carbonyl groups were not cleaved until neighboring ether or C-O-C, which 

composes carbonate ester, were damaged. In the present study, due to the variety of 

fragment desorbed, especially at masses ≥ 25 amu, it seems likely that carbonyl 

moieties are once again only damaged after cleavages of the ether or ester in the same 

molecule has occurred.  

 As mentioned above, the desorption yields of O- and OH- from DGMEA are 

barely detected for electron energies below 15 eV. Thus, we can say that desorption of 

O- is due to DD at the carbonyl. To test that hypothesis, we investigated the variation of 

anion yields with electron exposure to at two particular energies. Figure 4 and 5 show 
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how the yields of CH3
-, O- and C2H3O2

- desorbed from DGMEA vary during extended 

electron irradiation at incident electrons with energies of 9 and 30 eV, respectively (i.e. 

below and above the DD threshold). In the figures, the yields are normalized to their 

initial values, obtained after exposure to 1.4×1011 electrons. When samples are exposed 

to electrons at 9 eV, the anion yields of CH3
-, O- and C2H3O2

- are observed to decrease 

slightly during prolonged irradiation (Figure 4). When samples are exposed to electrons 

at 9 eV, the anion yields of CH3
-, O- and C2H3O2

- are observed to decrease slightly 

during prolonged irradiation (Figure 4). This small decrease in signal likely reflects the 

gradual loss of intact DGMEA molecules from the film (and more specifically near the 

film/vacuum interface, where most desorbed ions originate). Much more pronounced 

decreases in desorption signal are reported in Fig. 5 for CH3
- and C2H3O2

- fragments 

from films under electron irradiation at 30 eV (Figure 5). Once again, this decrease is 

plausibly related to the depletion within the film of intact molecules of fragments 

capable of dissociating to produce these anions. However, at 30 eV, net positive sample 

charging is possible due to ionization occurring within the film, secondary electron 

emission, and the trapping of cations formed by DI and DD. Such charging would act to 

hamper the desorption of low kinetic energy anions. However, similar behaviors under 

electron bombardment of the normalized CH3
- and C2H3O2

- desorption signals (Figure 

5) suggest that the depletion of intact DGMEA molecules must be the favored 

explanation for the observed decrease with fluence. These signals surely derive from 

close to the ends of the DGMEA molecule, by scission of bonds 1 (or 11) and 4 (see 

Figure 1 (d)). The kinetic energies of these fragment ions are likely different; if film 

charging were the cause of their variation with fluence, then it would me most 

surprising for them to behave so similarly. 

In contrast to the other signals reported in Fig. 5, the relative yield of O- rises 

monotonically with increasing exposure to 30 eV electrons. This specific behavior 

indicates that some electron-induced modification of molecules in the sample produces 

new species in the film, for which the probability of O- desorption at 30 eV is 

sufficiently greater than for intact DGMEA. Such a behavior demonstrates that 

cleavages of carbonyl are promoted by longer exposure times (i.e. by increasing the 

probability that an electron hit has already occurred elsewhere in the molecules). In 

addition, we can deduce from this analysis that at least two electrons are required to 

damage the carbonyl group in DGMEA. Following initial electron-induced damage, 

heavy fragment species remaining in the film are subsequently excited by other incident 

electrons, leading to carbonyl breakage in DGMEA. Therefore, it is highly probable that 

the ester in DGMEA is cleaved after damage to the ether. The present result confirms 
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the previously suggested two-step damage formation model deduced from FT-IR 

measurements.(18) This strongly corroborates the concept that the number of LEEs, 

which hit a molecule, may represent an appropriate parameter to describe the damage 

formation process of PADC and more generally in polymers.  

 

 

4. Conclusion 

In the present study, we investigated the role played by low energy secondary 

electrons, in the creation of latent tracks in PADC. For this purpose, we measured by 

TOF mass spectrometry the electron stimulated desorption of anions and cations from 

multilayer films of three different PADC surrogates FDA, DC and DGMEA. With the 

exception of O-desorption from FDA and DGMEA, the anion yield functions from these 

films exhibited resonance near 9 eV. That could be assigned to DEA. In contrast, the 

only O- yield function showing a resonance at this energy arises from DC, i.e., no 

resonance feature is apparent in measurements for FDA and DGMEA. The anion yields 

of O- from DC and DGMEA increase monotonically with incident electron energies 

above 15 eV, where molecular cleavages are governed mainly by DD. The O- yield 

from FDA, which does not contain the carbonyl group, was very low and almost 

constant over the entire energy range. We therefore surmise that desorption of O- from 

DGMEA above 15 eV is essentially due to DD at the carbonyl. Additionally, we 

measured the variation of fluence, at 9.0 and 30 eV, i.e., at electron impact energies 

lying respectively below and above the energetic threshold for DD. When DGMEA was 

irradiated with 9 eV electrons, the anion yields of CH3
-, O- and C2H3O2

- decreased with 

the number of incident electrons. As the number of 30 eV electrons increased, the 

relative anion yields of CH3
- and C2H3O2

- also decreased. In contrast, the yield of O- 

increased significantly with fluence. This behavior supports the previously proposed 

degradation mechanism postulated from the results obtained by FT-IR spectrometry of 

PADC irradiated with 28 MeV electrons and 222 nm UV photons. In fact, the ensemble 

of our results confirm the previously suggested two-step damage formation model 

deduced from FT-IR measurements. They validate the concept that the number of LEEs, 

which hit a molecule, may represent an appropriate parameter to describe the details of 

damage formation in a latent track of PADC, and more generally of polymers, when 

such compounds are exposed to high-energy radiations.  

For a more detailed understanding of the mechanism of latent track formation 

in PADC, it may be possible to use the DD related O- desorption signal from DGMEA 

at 30 eV, and so probe such processes at electron energies below the threshold for anion 
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desorption at ~ 5 eV, for example via low lying shape resonances. A similar approach 

has been used to monitor damage in CF2Cl2 and CH3COH. (31) Alternatively, changes in 

high-resolution-electron-energy-loss vibrational or electronic spectra may provide 

useful information. (31) Finally, we note that the radical and ions created by the LEEs 

may undergo subsequent chemical reactions (e.g. in the case of water radiolysis see 

Marignier et al.). (31) 
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Table 1  

 

 

 

 

 

 

 

 

m/z 
Composition 

Condensed monomers 

(Position of cleavage in Fig. 1) 

Negative Positive FDA (b) DC (c) DGMEA (d) 

1 H- - Yes (-) Yes (-) Yes (-) 

13 CH- - Yes (1) Yes (1) Yes (1, 11) 

14 CH2
- - Yes (1) Yes (1) Yes (1, 11) 

15 
CH3

- - Yes (1) Yes (1) Yes (1, 11) 

- CH3
+ Yes (1) Yes (1) Yes (1, 11) 

16 O- - No Yes (4) Yes (2) 

17 OH- - - - - 

25 C2H- - Yes (2) Yes (2) Yes (10) 

26 C2H2
- - Yes (2) Yes (2) No 

27 
C2H3

- - Yes (2) Yes (2) No 

- C2H3
+ Yes (2) Yes (2) Yes (10) 

28 C2H4
-  - Yes (2) Yes (2) No 

29 - C2H5
+ Yes (2) Yes (2) Yes (10) 

41 
C2HO- - Yes (3) Yes (3) Yes (3,9) 

- C2HO+ Yes (3) Yes (3) - 

43 
C2H3O- - Yes (3) Yes (3) Yes (3,9) 

- C2H3O+ Yes (3) Yes (3) Yes (9) 

45 
C2H5O- - Yes (3) Yes (3) Yes (9) 

- C2H5O+ No No Yes (9) 

59 
C2H3O2

- - No No Yes (4) 

- C2H3O2
+ No No Yes (4) 
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Fig. 1.  
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Fig. 2.  
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Fig. 3.  
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Fig. 4.  
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Fig. 5 
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Graphical Abstract : 

 

 

 

 

 

 


