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The electrochemical etching, because of its complexity, is of interest when it makes it
possible to achieve detection characteristics which are not encountered with the chem-
ical etching. These unique characteristics can be found for example for the personal
dosimetry of low-energy neutrons around nuclear reactors and for the detection of
both low- and high-energy cosmic-ray neutrons at civil aviation altitudes. In particu-
lar, sufficiently large signal-to-noise ratios for cosmic ray neutron measurements can
be achieved by using stack of polycarbonate- and/or CR-39-detectors, since the elec-
trochemical etching processes make it possible: (a) the rapid scanning of large detector
areas, and (b) the counting of coincidence events in paired detectors induced by
a-few-microns long tracks.

The detection of the radon decay products is hindered by the fact that their concentra-
tions are altered in the vicinity of detector surface during the measurement.
Polycarbonate detectors may be useful in solving these problems both because they
register radon-decay products far away from the plated-out surface and they can be
manufactured with any possible geometry and/or shape. However, it is possible to use
several combinations of chemical and electrochemical etching steps which implies the
possibility of new applications of track detectors for the registration of neutrons, cos-

mic rays and radon decay products.
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INTRODUCTION

The most important incentive for the develop-
ment of electrochemical etching (also referred to as
ECE) was the urgent need to improve neutron do-
simetry [1]. The personal fast neutron dosimeter
available in the 1970’s was based on nuclear emul-
sions [2], which relied on detection of the tracks of
individual recoil protons in thin photographic
emulsions. This dosimeter manifested various
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shortcomings such as poor low-energy response,
track fading and sensitivity to low-energy gamma-
and X-rays. These drawbacks were very severe in the
case of personal neutron dosimetry in facilities hav-
ing large numbers of low-energy neutrons and
mixed gamma neutron fields, such as reactors [2].

Soon after the discovery of the electrochemi-
cal etching, it was possible to develop a personal
neutron dosimeter based on neutron-induced re-
coils in polycarbonate (PC) detectors, whose re-
sponse was unaffected by X-ray or gamma radia-
tion, by fading or by environmental parameters,
such as high temperature and humidity [2, 3]. This
detector was quite promising, so that, soon after its
discovery, a commercial dosimetry service adopted
it for the use in routine personnel dosimetry [2].
However, with this dosimeter it was possible only
to register doses of neutrons with energy larger than
1 MeV. It was the discovery of CR-39 [4] that made
it possible to detect neutron-induced proton recoils
with energy as low as tens of keV [5, 6].
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DOSIMETRY OF LOW-ENERGY
NEUTRONS

To understand the importance of electro-
chemically etched detectors for neutron dosimetry
it is useful to describe the differences between the
chemical-and electrochemical etching processes.

For example, fig. 1 illustrates the differences in
response between these two etching processes for
the particular case low-energy proton recoil tracks,
assuming that they originate from the surface.

tracks already treeing, (a) and (b), continue to
enlarge while more tracks are formed and initiate
treeing, track (c). This type of etching can be
considered as just the opposite of the chemical
etching at the same temperature, since
low-energy recoil tracks keep enlarging and be-
coming more visible under electrochemical etch-
ing processes, while they may disappear from
view under conventional etching as shown in the
upper part of fig. 1. Iftracks are formed at the be-
ginning of electrochemical etching processes,

CHEMICAL ETCHING AT 60 °C

(a) 0.1 MeV

(b) 0.2 MeV (c) 2 MeV
e i ORIGINAL SURFACE

Figure 1. Schematic
illustration of chemical and
electrochemical etching
processes
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The track formation is shown schematically at
different etching times t1, £, t3, etc., [5]. In the case
of chemical etching (upper part of the figure),
tracks (a) and (b) remain pointed until they are
etched to the ends of their trajectories. Since pro-
longed etching is usually required in order to be able
to etch high-energy protons, track (c), tracks (a)
and (b) both become blurred and may disappear
from view.

At the end of etching, thick detector layers
(typically 5-15 pm thick) have been etched away
from the original surface and most of the
short-range tracks within these layers may have dis-
appeared from view or are very difficult to count.
This is particularly relevant for neutron energies be-
low 500 keV, where, for a single dosimeter, large
variations in the number of counted tracks occur
among different observers and, for a given observer,
at different times of counting [5, 6].

The lower part of fig. 1 shows the initiation
and propagation of treeing phenomena in newly
tormed tracks for purely electrochemical etching
processes. In this case, once a track with a
pointed shape has been formed, it starts treeing.
As the electrochemical etching proceeds, those

ETCHED SURFACE

they will grow to a greater extent than those
which will be formed at a later time, thus result-
ing in very different spot diameters [7, 8]. The re-
sponse to protons of CR-39 detectors was thor-
oughly investigated by Cross et al. [6], who
demonstrated that the electrochemical etching
procedure can simultaneously detect protons
from 10 keV to 3 MeV. Figure 2 shows track
spots produced by protons with energies of 30,
50,100, and 145 keV respectively [5]. On the ba-
sis of these results Cross et al., [6] calculated the
response of CR-39 to neutrons. The results of
this calculation are shown in fig. 3 [6]. The solid
line shows the number of tracks per cm? per 10
puSv calculated for CR-39 with a 2 mm thick
polyethylene radiator in front of it. The dashed
curves show the separate contributions of
protons generated in the etched layer, which pre-
dominate at low energies, and protons from the
radiator which predominates above 1 MeV. The
points were measured for normally-incident
monoenergetic neutrons. All the above results
were obtained by using a 25 kVem™ rms electric
field at 60 Hz with 6 N KOH in water for 5 h at
60 °C [6].
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MONOENERGETIC PROTONS

Figure 2. Electrochemically etched
proton-induced tracks
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DOSIMETRY OF COSMIC-RAY damage track detectors is hampered by the poor sig-
HIGH-ENERGY NEUTRONS BY nal-to-noise ratio of these detectors.
ECE DETECTORS The simplest way to increase the registration
sensitivity of damage track detectors is to increase
With the complex fields present at flight alti- both the exposure time and the detector area. Be-
tudes and/or around high energy accelerators, the cause of their unique storage property, damage track
registration of sufficiently low neutron doses by detectors can be exposed for any desired length of
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time. On the other hand, the registration of large ar-
eas (hundreds of cm?) can easily be carried out by
electrochemical etching detectors. However, the
possibility to increase the registration sensitivity by
increasing the detector area is limited by the strong
variability of the background of track detectors.

The background problems were finally solved
by a new registration method based on counting co-
incidence spots in a matched pair of detectors [9].
By using electrochemical etching, coincidence spots
can easily be induced even by a few-microns-long
track in paired detector-surfaces.

The coincident method is well established for
long-range particles which cross difterent track de-
tectors in a stack (upper part of fig. 4). This coinci-
dence method has been successfully exploited for
the registration of high charge and energy (HZE)
particles in cosmic rays since the early discovery of
damage track detectors [10].

A completely new coincidence method is pro-
posed in the lower part of fig. 4, where the
etched-track ranges are so short that they do not
cross any of the detectors, but they just penetrate
both of the matched detector surfaces. These tracks
are typically produced by neutron-induced recoils in
PC and CR-39 detectors [9]. It is obvious that the
only way to produce coincident spots with a
tew-micron long tracks (which can be easily
counted in large areas) is through the electrochemi-
cal etching processes.

The upper part of fig. 5 shows coincidence
events produced by electrochemical etching spots
on two paired polycarbonate detectors as they ap-
pear in a microfiche reader. The identification of co-
incidence events is very simple, in spite of the poor
image. The lower part of the figure shows a pair of
clectrochemical etching spots, which do not form a

true coincidence since they belong to the same de-
tector surface: they have the same contrast and
present the typical interacting characteristics of
close electrochemical etching spots.

When compared with the responses of detec-
tors based on counting tracks on a single surface, the
response of the detectors based on the coinci-
dence-method present the following advantages
[9]:

(1) consistently low background,

(2) relatively flat response, and

(3) detection with different neutron-energy
thresholds.

COMBINATION OF CHEMICAL- AND
ELECTROCHEMICAL ETCHING
PROCESSES FOR NEUTRON AND
RADON DOSIMETRY

The most attractive characteristics of electro-
chemical etching processes involve the possibility of
using a variety of combinations of etching parame-
ters and/or chemical and electrochemical etching
processes for the purpose of enhancing the desired
detector response. This can easily be achieved by
controlling the etching procedure with an external
apparatus. Bartlett and Steel [11] suggested the use
of a microprocessor-controlled combination of
chemical- and electrochemical- etching processes to
provide a reasonably low background and an ac-
ceptable energy response for neutron dosimetry.

In practice, by proper choice and control of
the electrochemical etching parameters in CR-39
during etching, it is possible to expand considerably
the usefulness of the electrochemical etching pro-

AY
Long-range particles
Thick detector stacks \
\\
Figure 4. Upper part: coinci- \
dences induced by long-range
particles.
Lower part: coincidences
induced by short-range particles ) |
Short-range particles \ [ \
Thick-detector pair \\ 51
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Figure 5. Paired spots induced by neutron recoils in
electrochemically etched polycarbonate

cesses [12] both for the detection of neutrons, ra-
don, and its decay products.
Track formation by chemical

etching prior to electrochemical etching

The electrochemically processed detectors can
successtully be used when track density is less than a

tew thousand tracks per square centimetre. For
higher track densities both the spot diameter and
electrochemical etching efficiency decrease as the
track density increases [13]. However, a chemical
etching step for track formation prior to the electro-
chemical etching may be useful to increase the re-
sponse linearity [14]. Figure 6 shows electrochemi-
cally etched tracks of alpha particles from radon on
CR-39[15], where the track formation has been ob-
tained by a chemical pre-etching. When the CR-39
toil is observed under an optical transmission mi-
croscope, tracks appear as dark spots, as shown on
the left-hand side of fig. 6. By focusing close to the
surface (especially with a reflection type of micro-
scope) the electrochemically etched spots will disap-
pear and only chemically etched tracks appear, as
clearly illustrated on the right-hand side of fig. 6.
The possibility to separate the chemically-etched
tracks from the electrochemically etched tree-spots
makes it feasible to exploit the advantages of both
types of etching.

Electrochemical etching followed by
chemical etching

When using electrochemically etching track
detectors for neutron dosimetry in space, it is im-
portant to differentiate the response to neutrons
(and protons) from that of heavy charged particles
(HZE particles). This can be simply carried out by a
two steps etching. A first step of electrochemical
etching is carried out only on one detector surface
for rapid scanning of large areas. To identify the
spots due to HZE particles, Bartlett et al., [16] first
proposed to use a second step consisting of chemi-
cal etching only. Because of the large range of the
HZE, an etched pit is produced on the non electro-

Figure 6. Chemically- plus
electrochemically etched tracks:
(a) treeing components,

(b) chemical-track components.
For viewing conditions, see text
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chemically etched surface and also at the back of the
electrochemically etched pit, allowing track of HZE
to be distinguished from tracks of neutron second-
aries [16].

CR-39 WITH NO RESPONSE
TO THE PLATED-OUT RADON-DECAY
PRODUCTS

Because of its high sensitivity, CR-39 regis-
ters full-energy alpha particles from radon decay
products plated-out on its surface, while the cellu-
lose nitrate and the polycarbonate detectors are
both insensitive to full-energy o’s from plate-out.
These latter characteristics are very important for
the measurement of radon decay products or, in
general, when using track detectors in the bare
configuration [17]. However, CR-39 could be
made insensitive to plate-out, if processed in such
a way that the tracks of alpha particles (with ener-
gies of 6 and 7.7 MeV) from radon daughters are
not revealed. This can be achieved by a two-steps
etching consisting respectively of a chemical etch-
ing step for the formation of only those tracks
with energy below 6 MeV, followed by an electro-
chemical etching step to enlarge only those tracks
which have been formed [14, 18].

Table 1 shows the registration efficiency of dif-
ferent bare detectors (LR-115, PC, and CR-39) ex-
posed at the NRPB radon chamber to 356 kBqm—h
of radon gas at an equilibrium factor of F = 0.4. The
etching conditions are:

— Chemical etching for 90 minutes in 10% (by
weight) of NaOH in water at 60 °C  for LR115;

— 5 hours chemical pre-etching with PEW solu-
tion at 60 °C plus electrochemical etching at 30 °C in
30% KOH in water for 5 hours at 30 [kVcm™] rms
and 2 kHz for polycarbonate. In the case of CR-39,
the electrochemical etching processes are the same of
those for polycarbonate, while different types of
chemical pre-etching were used, such as the follow-
ing:

— 5 hours chemical pre-etching at 24 °C with
30% KOH in water,

— 10 hours chemical pre-etching at 24 °C with
30% KOH in water, and

Table 1. Registration sensitivity of different detectors

Detector type [c m%fg(ll\?lt 517]_ ]
LR-115 1.10£0.13
Polycarbonate 0.52 £ 0.05
CR-39 (5 hours pre-etching) 0.80 £0.11
CR-39 (10 hours pre-etching) 3.0+04
CR-39 (heavy pre-etching at 70 °C) | 6.6 +1.6

— 5 hours chemical pre-etching at 70 °C with
30% KOH in water.

While the 5-hours chemical pre-etching at 70 °C
induces the formation of all alpha-particle tracks from
radon-decay products plated-out on the CR-39 sur-
face, the registration of these alpha particles does not
occur with the other types of pre-etching conditions,
listed above for CR-39.

These latter etching conditions make it possible
to register only particles with energy less than 5 MeV
[14, 18] and thus alpha particles from plated-out
daughters are not registered. In contrast with the
shortcomings of CR-39 etched only chemically (be-
ing sensitive to plate-out), the CR-39 may prove to be
the most interesting detector when both chemical and
electrochemical etching processes are concerned. In
this case, it is possible to obtain a detector with all the
characteristics required (including the same of those
of LR-115 and PC) by an appropriate choice of the
chemical etching conditions prior to the electrochemi-
cal etching.

The polycarbonate detector has the lowest regis-
tration sensitivity. In fact, this is the property which
makes this detector very valuable for the detection of
radon decay products, as described in the following.

THE UNIQUE CHARACTERISTICS OF
ELECTROCHEMICALLY ETCHED
POLYCARBONATE DETECTORS

Itis well known that the plate-out of radon de-
cay products on surfaces of different materials
causes a depletion of their concentration in the sur-
roundings of all the material-surfaces, which de-
pends on many factors such as surface-area, envi-
ronmental parameters, electrostatic  charges,
ventilation rate efc., [19-22]. This depletion occurs
also in the vicinity of the detector surface, thus af-
tecting what is intended to be measured. For a given
atmosphere of radon and radon decay products, this
effect increases with the area of the detector surface.
Eventually the depletion of radon decay products
decreases as the distance from the detector-surface
increases [23-24]. Bigazzi et al., [20] and Hadler et
al., [21] claim that the depletion occurs mostly
within 3 cm from the detector surface.

Since electrochemically etched polycarbonate
foils register only alpha particles with energy less
than about 2 MeV, they could detect only radon de-
cay products at a distance greater than about 4 cm
from their surfaces. The ideal detector for this appli-
cation would be a sphere made of polycarbonate
which could easily be manufactured or are already
available as a consumer-type of product. This sphere
could also be an excellent detector for neutrons, since
the major problem with the damage track detectors
for neutron dosimetry is the strong angular depend-



18

Nuclear Technology & Radiation Protection —1/2004

ence of their response. Incidentally, the problem of
the strong angular dependence of the polycarbonate
neutron dosimeter could be solved by using [25]
electrochemically etched polycarbonate test tubes
or small bottles. These container types of detectors
could be of interest also for their use as bare detec-
tors for radon and its decay products. It is possible
to have detectors of any shape (often already avail-
able as consumer product), which makes the elec-
trochemical etching of polycarbonate a detector
with unique characteristics.
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Jynhu TOMACHUHO

MNPOLHECHU EJEKTPOXEMMJCKOI PA3BBUJAIA JETEKTOPA
3A PETUCTPOBAIBBE HEYTPOHA U INPOAYKATA
PAINOAKTHNBHOI' PACITAJA PAJTOHA

Ycnep cBoje CIIOXKEHOCTH, EIIEKTPOXEMIjCKO pa3BUjame Off MHTepeca je Kajga oMoryhasa fia ce
TOCTHUTHY CBOjCTBA IETEKIIN]€ KOja XeMHU]CKO pa3BHjame He 00e36ebhyje. OBe jeuHCTBEHE OKOITHOCTH MOTY
ce, Ha MpUMep, CYCPECTH y JMYHO] O3UMETPHjH HACKOCHEPTreTCKUX HEYTPOHA Y OKOJNMHY HYKIIEapHUX
peakTopa, aJTu U MPH e TEKIUj1 KaKO HICKOCHEPTeTCKOT TaKO U BUCOKOCHEPTeTCKOT KOCMUYKOT 3padctha
HEyTPOHA Ha BHCHMHaMa KOje OrOBapajy IMBUIHOM aBUOHCKOM caoOpahajy. [ToceGHO, TOBOJLHO BEIUKH
OHOC CHTHajla W IIyMa TIpH Mepemy KOCMHYKOr HEYTPOHCKOT 3pavema MOKEe OWTH OCTBapeH
KopuinhemeM noiankapoonatHor nakeTa mwin CR-39 gerekTopa, Oyayhu ma mponec ereKTPOXeMHjCKOT
pa3Bujama oMoryhasajy fa ce u3Bpiuu: (a) 6p30 CKEeHUpamhe IPOCTPAHUX JETEKTOPCKUX NOBpIInHA U (6)
npebpojaBame MOMOhy AEeTeKTOPCKHUX MapoBa KOWMHIUICHTHUX forabaja m3a3BaHWX TparoBUMa Off TE€K
HEKOJIMKO MUKPOHA.

JleTeknmja mpomyKaTa pagMoOaKTHBHOT pacliajga pajjoHa OTeXKaHa je YClIed MPOMEHE HHXOBE
KOHIICHTpAaINlje TOKOM MEpemha y OKOJIMHA MOBPIINHE feTeKTopa. [lonmkapboHaTHE HETEKTOPH MOTY
OWTH KOPHUCHY y pelIaBamy OBe TelKkohe TMe mTo 6ereske MpOAyKTe pafnoaKTHBHOT paclaja pajioHa
Ialbe Off CIIOJbHE MOBPIIMHE AETEKTOpA U IITO CE MOTY IPOU3BECTH Y PA3IMUNTO] TEOMETPHjU U OOJINIKY.
ITa Bume, moryhe je kopuctutu Behu Opoj KOMOWHAIMja XEMHjCKUX W €JIEKTPOXEMHUjCKUX KOpaka y
IbIXOBOM pa3BHjamby IITO HAaroBEIITaBa HOBE NMPHWMEHE Tpar AETEKTOpa 3a PErhCTpPOBame¢ HEYTPOHA,
KOCMHYKOT 3pavderha U MPOAyKaTa pafioaKTHBHOT pacraja pajjoHa.




