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Abstract

The transparent polymer polyallyl-diglycol-carbonate (PADC), also known as

CR-39, is widely used as detector for heavy charged particles at low fluence.

It allows for detection of single protons and ions via formation of microscopic

tracks after etching in NaOH or KOH solutions. PADC combines a high sensi-

tivity and high specificity with inertness towards electromagnetic noise. Present

fields of application include laser-ion acceleration, inertial confinement fusion,

radiobiological studies with cell cultures, and dosimetry of nuclear fragments in

particle therapy. These require precise knowledge of the energy-dependent re-

sponse of PADC to different ion species. We present calibration data for a new

type of detector material, Radosys RS39, to protons (0.2-3 MeV) and carbon

ions (0.6-12 MeV). RS39 is less sensitive to protons than other types of PADC.

Its response to carbon ions, however, is similar to other materials. Our data

indicate that RS39 allows for measuring carbon ion energies up to 10 MeV only

from the track diameters. In addition, it can be used for discrimination between

protons and carbon ions in a single etching process.
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1. Background and objectives

The transparent resin polyallyl-diglycol-carbonate (PADC, C12H18O7), more

commonly referred to as CR-39, is a highly sensitive detector material for pro-

tons and ions. Particles with high linear energy transfer (LET) produce alter-

ations of the molecular structure which can result in visible, microscopic tracks

through a suitable etching procedure. During recent years CR-39 has become

increasingly popular for applications which require the precise measurement of

ion energies and particle fluence at low intensities. These comprise the clinical

dose determination due to target or beam fragments in radiation therapy [1].

CR-39 has been used in cell culture studies of radiobiological effects of light ion

radiation, either at classical accelerator facilities [2, 3, 4] or with protons ac-

celerated in highly intense laser-plasma interactions [5]. In the fields of inertial

confinement fusion and laser-ion acceleration CR-39 is an important diagnos-

tic tool due to its inertness towards electrons and photons combined with high

sensitivity to ions and high spatial resolution [6, 7].

The formation of visible tracks in detector materials from different providers

has been consistently observed for protons between approximately 0.2 MeV and

10 MeV [6, 8, 9, 10, 11]. On the low-energy end, an extension of the detectable

interval down to 20 keV has been achieved [12]. While the exact conditions

of the etching procedure (etchant composition and concentration, temperature,

etching time) have major impact on the quantitative response in terms of track

diameters, the qualitative dependency on the proton energy is often similar.

Specific types of CR-39 allow for detecting protons up to 18 MeV [13] and

27 MeV [14], respectively, due to the admixture of copolymers or antioxidants

to reduce the LET threshold. As pointed out by Kodaira et al. [13], materials

with high sensitivity tend to show low surface quality (and vice versa) in terms

of track-like artefacts implying difficulties in automatic analysis procedures.

Various methods have been proposed to measure the energies of incident
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particles from the track characteristics in CR-39. A one-to-one correspondence

between proton energies and track diameters from 0 to 1 MeV, in combination

with arrangements of thin absorbers, can be exploited for the precise determina-

tion of the spectral end point in laser-ion acceleration up to a few MeV [11]. Al-

ternatively, differences in grey values resulting from the depth of pits can resolve

ambiguities between tracks of identical diameters [15]. The energy-dependent

evolution of track diameters between 0.9 and 2.5 MeV can be utilised in a multi-

stage etching process [16]. Protons beyond ∼ 10 MeV penetrate through CR-39

plates of 1 mm thickness and may produce tracks on the rear side [17] or in sub-

sequent layers of CR-39 stacks [18, 19]. The precise, simultaneous measurement

of particle energies and total fluence is necessary also for the determination of

the radiation dose in experiments with biological samples.

In this work we present the first experimental data for the response of a new

PADC material, Radosys RS39, to protons and carbon ions. RS39 possesses a

comparatively high LET threshold corresponding to a limited energy range for

the detection of protons (section 3). Under identical etching conditions track

sizes are clearly different for carbon ions as compared to protons for energies

above 0.2 MeV. In addition, the possibility of obtaining carbon ion energies

from their track diameters is investigated (section 4).

2. Materials and methods

Our experiments have been carried out with two types of PADC, labelled

“S” and “RS39”, both provided by Radosys (Budapest, Hungary). The RS39

type, released in 2018, is manufactured with a different type of plasticiser in

order to achieve better surface stability and, in this way, less amount of track-

like artefacts. The samples are of similar size (10 × 10 mm2) and thickness

(0.9 mm), with linear deviations of the order 0.05 mm, and of the same density

(ρ = 1.27 g/cm3). All samples have been etched in 6.25N NaOH solutions. The

temperature of the etch bath (specified below for each series) has been main-

tained within ±1°C of the nominal value inside a remote-controlled container.
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After etching, the front surface of the samples has been scanned with a nuclear

track microscope (Radosys PT10). The photographs obtained with this system

have a pixel size of 0.3 µm. We have used a self-made software code for the

identification of circular patterns and the automatic measurement of the track

diameters.

Calibration measurements with mono-energetic particle beams have been

performed at the 3 MV tandem accelerator at Centro Nacional de Aceleradores

(CNA, Seville). For irradiation with protons or carbon ions under identical

conditions, several samples of both types have been loaded simultaneously in a

metallic holder which was placed inside a vacuum chamber at the end of the

accelerator beam line. Each CR-39 plate was moved individually to the position

of the beam spot which size was limited by a rhombic collimator. Proton energies

Ep from 0.7 to 3.0 MeV have been freely adjusted; incident energies below

0.7 MeV have been obtained by use of a 7 µm thin aluminium absorber in front

of the detectors. The irradiation with carbon ions in the interval EC = 0.6-

12.0 MeV has been performed without any absorbers. Different charge states

have been used to quickly switch between beam energies (Table 1). When the

ion enters into a solid it is immediately stripped off all electrons, so the initial

charge state is expected to have only marginal influence on the track size in

CR-39 [10, 17, 20]. As the particle flux with continuous beam (∼ 10 pA) would

immediately saturate the detectors a beam kicker was used to produce bunches

of 25-1000 µs length at 1 Hz pulse rate. The intensity was controlled with

a scintillator-based beam monitor [21]. The total fluence on a 1 cm2 plate,

estimated from the pit numbers after etching, varied between about 2 × 104

(where most of the tracks could be well separated) and about 1-2 × 105. The

spatial distribution was non-uniform; even at the highest fluences areas with

clear, non-overlapping tracks could be selected for image analysis.
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EC (MeV) Charge EC (MeV) Charge

0.584 C1+ 4.528 C2+

0.839 C2+ 6.010 C3+

1.220 C1+ 8.057 C3+

1.701 C2+ 10.030 C4+

2.269 C2+ 12.026 C5+

3.000 C3+

Table 1: Carbon ion energies and respective charge states applied for sample irradiation.

3. Calibration with proton beams

The response of the S series to protons from 0 to 5.5 MeV has been investi-

gated in a previous publication with material produced in 2015 [11]. We have

repeated part of the S series calibration using material from 2017 in order to

avoid any systematic deviations in the comparison with RS39. In the present

calibration we have observed smaller tracks for Ep ≥ 1.5 MeV. This effect may

be due to variations among different production batches of the S type detector

material. Results are shown in Figure 1 alongside with data from literature. The

latter represent the response of PADC plastics from Page Mouldings (Pershore,

UK, brand name PM-355) [9] and TASL (UK, brand name TASTRAK) [6]. All

data sets show a pronounced maximum in track diameters at 0.8-1 MeV; its ex-

act position varies with the etching conditions. Etching at 70°C is most widely

applied but the etching time necessary to remove a given bulk thickness and

obtain track diameters ≥ 20 µm can be reduced significantly by applying higher

temperatures. For 6-6.25N NaOH baths, bulk etch rates VB = 1.2-1.65 µm/h

at 70°C have been reported [9, 19, 22, 23, 24], corresponding to a total removed

thickness of 24-33 µm after 20 hours. We have measured VB for our etching

conditions (6.25N NaOH, 90°C) via [24]

VB =
1

2

∆m

∆tρA
, (1)
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with the sample mass lost during etching, ∆m, the etching time, ∆t, and the

detector cross section, A, obtaining VB = 10.9 µm/h for the S type PADC, and

VB = 7.6 µm/h for RS39. For comparison, at 98°C a value of VB = 9.95 µm/h

has been reported [20].

Figure 1: Track diameters of protons on S type PADC compared to results from literature.

Lines are shown to guide the eye.

Under otherwise equal conditions proton tracks on RS39 are much smaller

than on the S type PADC (Figure 2). In our experiments, microscopic pits have

not been observed for Ep ≥ 1.5 MeV (Figure 3). This indicates a very high

LET threshold of about 20-22 keV/µm in water. Similarly high LET thresholds

(15-22 keV/µm) have been reported for TASTRAK [25]. The change in material

composition from S to RS39, intended for better surface quality, correlates with

reduced sensitivity, in agreement with the general observation by Kodaira et al.

[13]. Similar results have also been published in 1995 for a material provided

by Pershore (brand name CR-39) [26, 27]. The track diameters, plottet as a

function of proton energy, do not show a sharp maximum. Taking into account

that the microscope resolution is typically around 1 µm tracks in an energy
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interval of about 0.5 MeV width are practically of the same size. This implies

that a precise measurement of particle energies based only on the track diam-

eters, as realised with Radosys S [11], is not possible with RS39. Nevertheless,

one may use the S type detector to search for tracks above a certain threshold

(e.g., 10 µm) corresponding to incident protons within a given energy range

(0.4-0.9 MeV for 90°C/4 hours etching). Combinations of thin absorbers may

be used to adapt more energetic protons to the detectable interval. In this way

a series of intervals can be covered to determine the fluence of protons up to

several MeV.

Figure 2: Microscope images of tracks from 1.0 MeV protons on S (a) and RS39 (b). Both

samples have been etched at 90°C during 4 hours.
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Figure 3: Track diameters of protons on RS39 type PADC compared to results from literature.

Lines are shown to guide the eye.

4. Calibration with carbon ions

Energetic carbon ions are of increasing importance for radiation therapy.

The acceleration of carbon ions by highly intense laser pulses has been demon-

strated by several research groups [28, 29, 30, 31, 32], some of them using CR-39

as a detector medium [33, 34, 35, 36, 37]. It is anticipated that this technique

will be applied in the near future to study the radiobiological effects of carbon

ions close to the Bragg peak on cell cultures. CR-39 can be used to determine the

particle fluence or radiation dose in clinical research or radiation therapy [38].

By now, systematic calibrations of the energy-dependent response of PADC to

carbon ions are rare; a compilation is provided in Figure 4. The data sets shown

have been obtained after etching in 6-6.25N NaOH at 70°C during 6 hours un-

less otherwise stated. Romo and coworkers [39] presented data series starting

from 1 MeV ion energy. They did not specify the provider of their detector

material and used a 6.25N KOH etch bath at 60°C. Szydlowski et al. [40] tested

three PADC plastics by Page Mouldings (Pershore). As the energy-dependent
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track diameters of carbon ions were similar for the brands CR-39, PM-355, and

PM-500, only data points for PM-355 are included in Figure 4. More recently,

data from PADC by TASL have been published for higher ion energies [17, 20].

The track diameters represented by these data sets look coherent (note that

only one series of each publication has been chosen). They are also consistent

with our results which are the first ones obtained with Radosys RS39. The

data provided by Baccou and coworkers [10], however, show much larger track

diameters under the same experimental conditions and with detector material

by TASL. The reason for this deviation in unknown. According to our measure-

ments the bulk etch rate at 70°C is VB = 1.72 µm/h, a value close to previous

publications [9, 19].

Figure 4: Track diameters of carbon ions on RS39 compared to results from literature. The

etching conditions are 70°C/6 hours unless otherwise specified. Lines are shown to guide the

eye.

At low ion energies an increase of track diameters with the particle energy

has been consistently observed. This trend turns to a plateau region at about

5 MeV under the experimental conditions of Figure 4. With deeper etching the
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interval of strictly monotonic growth can be extended to 10 MeV at least as

shown in Figure 5. This is also supported by data with TASL detector material

[17]. The absolute track sizes are larger than those of protons under the same

etching conditions for energies > 0.6 MeV (Figure 3).

Figure 5: Track diameters of carbon ions on RS39 under the same etching conditions as those

of Figure 3. One data set obtained with material by TASL is shown for comparison; lines are

included to guide the eye.

5. Conclusions

We present experimental data of track size measurements from two PADC

nuclear detector materials irradiated with mono-energetic protons and carbon

ions. The calibrated interval of proton energies starts from 0.2 MeV and covers

the range of increasing track diameters and the maximum observed previously.

This is of special relevance for the detection of laser-accelerated particles as

these typically show broad energy distributions. The sensitivity of the RS39

type PADC to protons is limited to energies below 1.5 MeV. This material may

be applied for spectroscopic measurements of protons when used in combination
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with suitable absorbers to define discrete energy intervals.

Our calibration data with carbon ions start from 0.6 MeV and cover the

interval of strictly monotonic growth which may be exploited for the measure-

ment of ion energies directly from the track diameters. Under the same etching

conditions (70°C, 6 hours) our results for RS39 are in agreement with data from

other nuclear track materials.

In the context of laser-ion acceleration we recommend deeper etching at

90°C during 4 hours as this leads to clearly visible track diameters > 10 µm for

protons as well as carbon ions. The two ion species can be easily distinguished

since carbon ion tracks (with incident energies > 0.6 MeV) are larger than those

of protons, making RS39 a promising material for particle discrimination. Fur-

thermore, these conditions allow for exploiting the one-to-one correspondence of

carbon ion energy and track size within a wide interval. The high temperature

implies a significant reduction of the etching time; at 70°C about 20 hours are

necessary to obtain similarly large track diameters. We have observed that still

much deeper etching (e.g., at 90°C/8 hours) results in surface degradation and

compromised track identification without offering any additional advantages.
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J. Garćıa López, M. C. Jiménez-Ramos, R. Lera, A. Ruiz-de la Cruz,

I. Sánchez, R. Zaffino, L. Roso, J. M. Benlloch, Spectral characterization

of laser-accelerated protons with CR-39 nuclear track detector, Review of

Scientific Instruments 89 (2018) 023302. doi:10.1063/1.5009587.

[12] D. Xiaojiao, L. Xiaofei, T. Zhixin, H. Yongsheng, G. Shilun, Y. Dawei,

W. Naiyan, Calibration of CR-39 with monoenergetic protons, Nuclear In-

struments and Methods in Physics Research Section A: Accelerators, Spec-

trometers, Detectors and Associated Equipment 609 (2) (2009) 190 – 193.

doi:https://doi.org/10.1016/j.nima.2009.08.061.

[13] S. Kodaira, K. Morishige, H. Kawashima, H. Kitamura, M. Kurano,

N. Hasebe, Y. Koguchi, W. Shinozaki, K. Ogura, A performance test of

13

http://dx.doi.org/10.1063/1.5009587
http://dx.doi.org/https://doi.org/10.1016/j.nima.2009.08.061


a new high-surface-quality and high-sensitivity CR-39 plastic nuclear track

detector - TechnoTrak, Nuclear Instruments and Methods in Physics Re-

search Section B: Beam Interactions with Materials and Atoms 383 (2016)

129 – 135. doi:https://doi.org/10.1016/j.nimb.2016.07.002.

[14] K. Ogura, M. Asano, N. Yasuda, M. Yoshida, Properties of TNF-1 track

etch detector, Nuclear Instruments and Methods in Physics Research Sec-

tion B: Beam Interactions with Materials and Atoms 185 (2001) 222 – 227.

doi:https://doi.org/10.1016/S0168-583X(01)00816-3.
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