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Cellulosc nitrate films LR-115 type II (Kodak-Path¢)
have been exposéd, at right angles, to ¢lpha-particle beams in
the energy vange 2.5 — 5.5 MeV. From measurements of both thrcugh-
~etched track dianmcter and through-etched track density, a
critical rate of cnergy loss for track registration of
(0.85 % 0.05) MeV sz/mg has been derived, which corresponds to
a critical alpha-particle energy of (4.0 * 0.4) MeV. These re-
sults are compatible with those obtained by other authors when-
ever similar etching conditions are used. The concepts of a
threshold rate of cnergy loss and a thrcshold energy for etched -
~track formation are introduced, and thcir values are obtainec
from the experiment as being (0.80 * 0.05) MeV cmz/mg and
(5.1 % 0.4) MeV, respectively. In addition, the present work
provides a suitable set of useful, refercnce data for further

applications of such plastic nuclear track detector in proble: :

concerned with the detection of low-energy alpha particles.
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1. Introduction

It is vell known that the average rate of energy loss
of a charged particle by electronic excitation and ioni:a%iun,
-dE/dx, determincs whether a particle irack can be chemically
etched or not i a solid-state nucleay track detector. Early in

1963, Fleischer ¢t a[.l’z) established 1in a series of experinent

i

the critical encrgy for rcgistration of charged parficles in
muscovite mica, lexan polyca?bonate and cellulose nitrate
detectors. In the case of cellulose nitrate then investigated
(C12H6018N4)’ the amount of ~dE/dx below which tracks were not
obscrved at optical microscope, i.e. Lhe critical rate of encrgy
loss, (—dE/dx)c, was that corresponding to a ~d-MeV zlpha-
particle. Since then, several investigations have been under-
taken3"7) aiminy to determine the critical cnergy for registra-
tion of charged particle tracks in cellulose nitrate detectors
of varied chemical composition. &n addition, plastic track
detectors have shown to be of high rescolution in identifying
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).

The high sensitivity of polymers to track registra-

heavily, energetic ionizing particles

tion of low-cnecrpy alpha particles and protons, particularly the
cellulose nitrate, makes feasible numcvous applications of such
track detectors to several branches of nuclear scicnccll). In
alpha-particle dosimetry, for instancc, it turns out important
to know, under dJdefinite experimental conditions, the track
registration characteristics as well as the critical rate of
cnergy loss in order to account for the guantitative aspects of
the response of the detector to low-energy incident alpha

particles. Durinpy the last ycars, ccllulose nitrate detectors



have been widely tested with very cnccuraging results as per-
. . . . . 12-17,
sonnel dosimeters in radiological protcoction proegrammes 3.
In the present paper we describe a general method
which allows onc to determine the experimental (—dE/dx)c for
registration of c¢harged particles in solid-state track detec-
tors. Although thc method can in princ:iple be applied to any
plastic track detector, we will concern ourselves to the
determination of (-dE/dx)c for charged particle etched-track
formation in the special red cellulose nitrate {fiim LR-115,

type II, supplied by Kodak-Pathé> 18

}. This particular track
detector consists of a thin reddish laycr (v 13 um) of cellulose
nitrate covering a ~ 100 um thick polyecster sheet. Such a
coﬁfiguration has the advantage of enhuncing track contrast vhen
tracks perforate the residual cellulosc nitrate laver after
‘chemical etching, thus allowing for a better determination of
(—dE/dx)c. Alpha-particles from .sources for routine use in

241 . ) . . .
An for instance) can be used in experiments aiited

laboratory (
to determine (—d:’f/dx)C for etched-track formation, provided
the variation of -dE/dx with alpha-particle energy is well
cstablished for the cellulose nitrate compound under investic-
ation. Results will be compared with those obtained for

cellulosc nitrate detectors from other suppliers and under

differcent ctching conditions as well.

2. Fundamentals of{ the Method

Consider a collimated beam of alpha particles of encrgy

EO which impinge:r on the detector surface at right angles.



1f Eo is 1iss than or equal to the threshold energy value Ezh
the preferential attack along the latert particle track by the
etching solution Ldgins at the original surface of the detec:or,
since in this case the density of radiation damage is high
enough to start the preferential solvent action along the track.
However, if Eo >‘{th the track formation will begin only when
the ctched surfacc reaches the point of the particle trajectory
in which Eo = Ezh‘ Fig. l-a shows scheratically the effect of
"increasing etching time on the evolution of the shape of the
etched particle track. There is a particular etching time fron
which the developed particle traék perforates the residuél
cellulose nitrate 1ayer, thus giving high-contrast circular
holes on the polycster surface, whose diameters increase with
etching time. On the other hand, at a given etching time the
through-etched track diameter decreases when the incident
particle encrgy increases. From these considerations. the follow-
ing method was developed in order to dectermine the fhresholé
rate of energy loss for particle track formation.

Let vg = dx/dt be the rate of chemical attack in the
detector along the track and S(E) = -di/dx the rate of energyw
loss of the particle with an energy £ zlong its trajcctery. The
track length dx formed by ctching during the time d2

will be given by

_ _ _dt )
A S )

By multiplying both sides of eq. (1) by UG/VT’ where v, den- < os
the general rate of chemical ctching in the undamaged material,

we obtain
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Let us indicate by £t the etching time the track needs to reach
a length equal to the thickness of the residual cellulose nitrate

layer (sce fig. 1-b). The integration of eq. (2) can be written as

‘ £LE) V6 dE
L = UGd.t = - 'v—_; 3(TYy - (3)

J
0 Eo

where £ represents the detector thickness removed during the time
£ by the chemical ctchant, E(ﬂo) the particle energy correspond-
ing to the rate of energy loss at the polyester surface, and £O
the original detector thickness. Noting that VG = leat points

of the particle trajectory in which the particle energy was
greater than or equal to the threshold value, i.e. E > Eth ,

eq. (3) can be written as

Eth dE- E(EJ Ve dE :
L= - - o2 : (4)
S{EY vy S(Ey -
Eo Eth -

With gradually increasing incident encrgy, more prolonged
etching times will be needed for the ctched track length to re-
main equal to the thickness of the residual detector layer. But
in this case, the point of the particle trajectory where the
encrgy recaches the threshold value approaches the etched surface.
In the limiting case, when the detector material gets completely
removed and the incident particle encrgy reaches the value F; s
the point'of threshold energy would be just on the etched sur-
face, which in turn coincides with the polyester surface. This

means Eth = E(fa), and from cq. (4) results
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The recs::1t expressed by eq. (5) defines an {dcaf cri-
tical rate of encrgy loss, (—dE/dx)Ih, in the sense that it is
obtained as a limiting condition. Experimentally, in order to
obtain this ideal Sth value, it suffices to determine by extra-
polation the incident energy E; to which the through-etched
track diameter reduces to zero when the detector material tick-
ness 20 is completely removed by etching. The above procedure
leads to values of Sth and Eth which are independent of.etching
conditions, as can be readily concluded from inspection of
eq. (5).

Actually, thrbugh—etched tréck diameters less than
about 3 um cannot be recognized uﬁambiguously with the magnific-
ation of optical microscopes commonly uscd in laboratory practice.
Thus, it turns out important to 'know, under specific experimentval
conditions, the critical rate of energy Joss, (—dE/dx)c, from
which through-etched particle tracks of a minimal measurable
diameter can be formed by etching. This situation is representod
in fig. 1-b. For an incident particle of encrgy £, > Egy» an
incrcase of the ctching time by a small amount Af gives, from

CQ' (S)t

E E(L ) F(L +t.L
e ar_ V6 ar_ | O 4 Y6 dE )
S vy S(6) N vy Sy Y

i
1
!
i

£ + AL

The shape of the ctched track that would be formed if the cellulo-

s¢ nitrate layer were incrcasced by an anount AEO is a conical



surface, provided that, starting from the polyester surface, the
ratio vg/vy remain constant when covering the path length A£0.
For an observed through-etched track diameter P small enough,

the following approximate relation holds

.\.}_(_;. = v : h ("!)
VT LAZO

which combined with eq. (6) gives

E
th dE

G
“““E sy T o Sy
0 th

for Eo > Eth and D small. Under definite etching conditions, there

is a particular value of £, say zth‘ given by

e, = - v e ' (9)
Zh vy S(E) ‘

Eth ' '
for which P = 0 when Eo = Eth' The smallest through-etched track
diameter actually observed after removing the thickness Zth
will correspond to a maximum incident particle energy Ec' This
critical incident energy will correspond to a Sc value which .
can be defined as the obsenved critical rate of energy loss for
charged particle track formation. The (-dE/dx)c value obtained
as described above will depend on both ctching conditions and
the optical systcm uscd. Nevertheless, for the actual situztion
we arc concerncd with, the observed critical rate of cnergy
loss for plpha-particle track formation in cellulose nitrate

docs not differ substantially from the ideal Sth value defined

by ecq. (5), as we shall sce in Scction 4.



Fig. 1-1 also suggests a simple method to obtain the
variation of the rvatio UT/UG with particle energy, and thus the
condition UT(E*h) = U can be used as an alternative way in cva-

A .

luating the threshold energy value Eth' e have:

AL ) R[E(ﬁo)}. - RE(£O+A£O)]
vr(E) =vg lim 5757 = vg lim = AT . =
Al+o AL~+0
_ AR _ dR
"V6 3l wg T Ve dr (10

where R(E) denotes the residual range of the particlé with an
encrgy E (recall that the func?ion £(E,), which can be obtaincd
from the experiment, gives, for ecach incident energy EC, the
removed detector thickness in order to obtain zero through-etched
track diameter). Knowledge of the function uT(E)/vG is important
since information about the rcgistration efficiency can be gained

for alpha particles of oblique incidencce on the detector surface.

3. Experimental

Clcan shecets of lcm x 2cm reddish, double-layer, cellu-
losc nitrate ~ 13 um thick were exposcd perpendicularly to colli-

2
[

mated beams of alpha particles from an intense ‘1Am source (mazin
peak energy of 5.49 MeV). Irradiations vwere conducted inside o
chamber containing argon, connccted with a manomcter able to
measure gas pressurc up to aboutb2b0 Torr with a mean deviation

of 4 2 Torr (fig. 2). By changing the gas pressure, alpha-part -

icle fluxes of encrgy ranging between 2.5 MeV and 5.5 MeV could



be obtained. The inciden£ energy, as wcll as the alpha-particle
beam intcnsity, were previously calibrated by using a convent-
ional alpha-specirometry line (a surfacc-barrier detector.
connected with a multi-channel pulsc~height analyser). Within
the energy range considered, a mean energy deviation of about

+ 0.1 MeV could be estimated. At cach f{ixed incident energy, a
total number of 6 x 104 alpha particles per squarec centimetre
hit the detectors which were positioned at a distance of 12 cm
from the source.

The detector samples were etched with a 4.0 N NaOH
" solution at a constant temperature of 60°C without stirring.
Seﬁcral etching times ranging from 15 min up to 3.5 h were chosen
in order to investigate the evo&ution of through-etched track
diameter for each group of samples irradiated at different inci-
dent energies.

The thickness of the removed cellulose nitrate laver
was determined from the measﬁ}ed mass-difference cof the samples
prior and after chemical etching. Mcasurements. of optical densi-
ty in a largc.number of ctched samples showed quite good overall
thickness uniformity of the residual dctecfor layer. Under the
ctching conditions described above, the amount of detector
thickness removed with time was obtained as £ = 0.46(£-0.34>
£ > 0.34, with a2 maximum uncertainty of 5% (£ is expressed in

mg/cm2 and £ in h). In this way, a general rate of chemical

i

ctching e (0.46 £ 0.02) mg/cmzh has been derived. An induc-
tion time of about 20 min was apparent, which may be interpreted
as a very slow dissolution of the chemical species during the
carly stages of etching., Also, it has been obscrvcd that {or

an etching time of about 4.7 h the detector layer dissolves



R(E) for alpha particles in cecllulose nitrate is essential. By
making usc of the CHN gas analysis we found out for the plastic
detector LR-llS. type II, a composition very similar to that of
cellulose trinitrate (C12H17N3016), which’in turn agrecsquite
well with the compoesition of the cellulose nitrate detector
studied by Anno and CommanayA). Then, taking into account the
rate-of~energy-loss-curve and the range-curve as those reported
by these authors, we found for the thréshold energy the value
Ezh = (5.1 * 0.4) MeV, which corresponds toa threshold rate of
energy loss of (~dE/dx)th = (0.80 * 0.05) MeV cmz/mg. On thé
~other hand, the values of the observed critical energy EC and
the corresponding critical rate of energy loss (—dE/d):)C turn
out to be slightly different from the ‘threshold values obtained
above, viz. ~ 4.6 MeV and ~ 0.85 MeV cmz/mg, respectively (scc
Section 2). For thc sake of comparison, table 1 reports some
results regarding Ec previously obtained by other authoers. In
despite of the differences in chemical composition of the detec-
tor materials as well as the etching conditionslemployed, it is
seen that almost ccllulose nitrate detectors listed in the
table have similar responses for registration of alpha-particle
tracks.

An alternative procedure we have used to determine
(—dE/dx)Ih from the present data was to study the variation of
the ratio vT/uG with -dE/dx. According to eq. (10), this func-
tion could be obtained from numerical calculations by making
use of the curve plotted in fig. 4 and, again, the curves of
R(L) and S(CL) = -di/dx reported by Anno and Commanayd). The
trend of vT/vG with -df/dx under the specificed experimental

conditions is shown in fig. 5. The large najority of the calcul-
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ated vT/uG values lies within the shadcd area which indicatgs
an average deviation of * 10% from the calculated trend (full
line). By back-extrapolating down to V1/UG = 1 the value
(~aE/dx) ,, = (0.80 * 0.02) MeV cm’/mg is obtained which is in
a very good agrecment with the value obtained by using the
previous method. In addition, fig. 5 shows a sharp increase of
uT/vG from threshold up to about 1 MeVAcmz/mg (the ratio v /v,
reaching the value ~ 3 at this point), and a slight increase
for larger values of -dE/dx, perhaps towards a constant value
in the range under consideration. The strong proportional-like
relationship between vi/vs and S.- S¢p Within the intervél

0.8 — 1 MeV cmz/mg doés not remain the same as S increases fur-
ther. The obseréed trend suggests a possible mechanism of
saturation, i.e. an inhibition of the breferential rate of chemi-
cal attack due to a non-complete diffusion of etching products
at points of particle trajectory of larger radiation damage
densities. These results agree satisfactorily with the observ-
~ations of Tanti—Wipawin6).

As regards charged particles impinging on the detector
surface at obiiquc angles, the critical angle €, = arc sin (UG/VT)‘
(mecasured from the surface) for track registration, and therc-
fore the registration efficiency, can be inferred from the
VT/UG-curvc of fig. 5. As an example, lct us consider alpha part
icles of 2.7 MeV. From the -dE/dx-curve by Anno and Commanayi)
we have a lincar cenergy transfer of 1.15 MeV cmz/mg which corres-
ponds to vT/uG = 3.1 + 0.3, and finally to a critical angle of
incidence fpr track registration of 6. * 19° + 2°. This result
compares favourably with 0£ = 65° reported by Anno and Commany

0 . . . . )
(0£ = 90° - 0, in their notation), if we take into account the
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large errors inveoived in both e and 6. measurements. For alpho
particles which strike the detector surface at random, the
UT/uG-curve is of utmost importance on c¢valuating the registyat-
ion cefficiency, making it possible to usc the cellulose nitrate
LR-115, type II, as a suitable tool in detecting alpha particles
from contaminated atmospheresof radon and its daughters, as has
been already testcd from other laboratories. Such an application

will be the subjecct of a future work.
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TABLE 1

Critical cnergies for registration of alpha particles tracks in

various cellulosec nitrate detectors.

Type of cellulose S s Critical encrgy Ref.
nitrate detoctor Etching conditions Ec (MeV) ex
Anyl acetate plus 6.25 N NaOH ~ 4 2
nitrocellulose 550C : .

(€ 2H60188,)
tlear Nixon- 6.25 N NaOH ~ 3 3
-Baldwin 40°C
Orange Nixon- 6.25 N NaOH - ~ 5 3
~-Baldwin 40°C
Co 2cly 0705 =4 N; - 6.25 N NaOil,60°C ~ 4 4

7.3579.8777.3171.56 without stirring
LR-115, type II, 2.5 N NaO, 25°C " 4 s
Kodak-Pathe and 60°C, without

stirring

LR-115, type II, 25% NaOH s 6
Kodak-Pathe 550C
LR-115, type II, 2.5 N NaOH 1.9-2.5 7
Kodak-Pathe 40°C
LR-115, type II, 4.0 N NaOH, 60°C v 4.6 this
Kodak-Pathe without stirring work

*
Threshold energy value deduced taking into account the ~dE/dx-curve by

Anno and Commanay4).
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Figure Captions

Fig.

'Fig.

Fig.

Fig.

1.

2‘

3.

4.

Schematical representation of etched-track formation
in a double-layer cellulose nitrate detector for an
alpha particle of right angle of entrance. a) Sequen-
cial stages of track etching showing the track evolu-
tion until a measurable track diameter is formed on
the polycster surface. b). Track profile and its

parameters as used in the text.

Experimental arrangement for detection of low-energy

alpha particles in plastic nuclecar track detectors.

Through-ctched track diameter (a) and through-etched

track density (b) measured as a function of the inci-
dent alpha-particle energy. Dif{ferent symbols for
experimental points refer to different etching tines
as indicated in a). All curves are eye-fits through

the experimental points.

Dependence of removed detector thickness on incident
alpha-particle energy in order to obtain zero through-
~-ctched track diameter. For Eo > 4 MeV, points were
obtained by extrapolating the curves of fig. 3-a; for
EO < 4 McV points were obtaincd by taking the incident
energy at half maximum of the through-ctched track
density plotted in fig. 3-b. The full line is a lcaslﬂ-'
~-squarces it of the ”eprrimontal” points. From the

scale on the ripght side, a bulk ctching velocity can
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5
be deduced as Vg = (0.46 = 0.02) mg/cm™h, with a

period of latency of about 20 min.

Relative etching velocity vT/vG plotted against the
rate of ecnergy loss. The full line is the result ob-
tained from the data of the present experiment as des=s-
cribed in the text. The shaded area indicates the un-

certainty of the calculated curve.
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