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Chemical etching characteristics for cellulose nitrate
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Abstract

Cellulose nitrate films (commercially available as LR 115 films were irradiated systematically with alpha particles in the energy range from
1 to 5 MeV with incident angles from 30◦ to 90◦. After etching to remove a thickness of 6.5�m, the lengths of the major and minor axes
of the alpha-particle track openings in the films were measured with an image analyser under an optical magnification of 103. These data
were used altogether to derive aV function (ratio between the track etch rate and the bulk etch rate), which took the functional form of the
Durrani–Green’s function, i.e.,V = 1 + (a1 exp(−a2R

′) + a3 exp(−a4R
′))(1 − exp(−a5R

′)), but with new constants asa1 = 2.14,a2 = 0.12,
a3 = 2.7 anda4 = 0.135 (a5 = 1). We then went on to correct for the different etched thickness for different datasets. With these corrections, the
experimental data were found to fit the model very satisfactorily. It was also interesting to see that the range of the calculated etched layer
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as consistent with the expected range.
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. Introduction

Cellulose nitrate films (commercially available as LR 115
lms from DOSIRAD, France) have been commonly used as
olid-state nuclear track detectors (SSNTDs) in which visible
racks can be formed after ion irradiation and suitable chemi-
al etching. Recent reviews on SSNTDs can be found in Ref.
1] and on ion tracks in Ref.[2]. Ion-track growth in SSNTDs
as been suggested to base on two parameters,Vt andVb [3],
hereVt is the track etch rate (i.e., the rate of chemical etching
long the ion trajectory) andVb is the bulk etch rate (i.e., the
ate of chemical etching of the undamaged surface). Over the
ears, many models have been developed[4–10]. Recently,
he tracks were considered as three-dimensional objects[11],
hich enabled calculations of the track parameters including

he lengths of the major and minor axes of track openings, and
lotting of their profiles[12,13]. Although the track growth
odels have been developed for more than 30 years, com-
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parisons between the values calculated from the track gr
models with experimental values of track parameters for
ous incident angles and energies of the ions have been s
In most cases, comparisons have been limited to norma
dence, or only the critical angles have been measured
example, Dorschel et al.[14] found good agreements betwe
calculated and measured track parameters, but only co
ering the incident angle of 40◦.

In the present work, we compare experimental dat
the lengths of major and minor axes of the track open
in LR 115 films with the values calculated from our thr
dimensional model[11]. This comparison enables deter
nation of theV function for the LR 115 films.

2. Experimental methodology

LR 115 films consist of thin films of cellulose nitra
manufactured by DOSIRAD, France. Type 2 non-stripp
LR 115 films, with a 12�m thick sensitive (or active
cellulose nitrate layer coated on a 100�m thick polyeste
1 On leave from Faculty of Sciences, University of Kragujevac, Serbia
nd Monte Negro.

base, were employed in the present studies. The active layers
of these films were systematically irradiated with alpha
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particles from an241Am alpha particle source (main initial
energyE0 = 5.48 MeV) through a collimator made of acrylic
resin with a hole diameter of 3 mm. By using air as the stop-
ping medium between the source and the films, the incident
alpha energies on the films ranged from 1 to 5 MeV, with
steps of 0.5 MeV. The incident alpha particle energies were
determined with an alpha spectroscopy system (ORTEC
Model 5030). The incident angle was also varied from 30◦
up to 90◦, with steps of 10◦. For each chosen incident angle,
a special procedure has been taken to irradiate different parts
of the active layer of the same LR 115 film by alpha particles
with different energies. This procedure ensures a uniform
active layer thickness after chemical etching for all incident
alpha energies for each incident angle.

The irradiated films were etched in standard etching con-
ditions usually utilized for LR 115, i.e., in a 2.5N NaOH
solution at 60◦, until the remaining active-layer thickness was
5.5�m, which was used in our previous studies[12]. How-
ever, it is noted that the bulk etch rate varies drastically with
the amount of stirring, which means that the etched thick-
ness of the active layer cannot be controlled solely by the
temperature and concentration of the etchant, and the dura-
tion of etching[15]. Continuous monitoring of the remaining
active-layer thickness is required. In the present work, this
thickness was non-destructively monitored using energy dis-
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conditions used in the experiments. As mentioned above, our
track growth model[11] was employed for the calculations.
Input parameters in the model included the incident energy
and angle of the alpha particle, etching time,Vb and theVt
function. The input energy was used to calculate the range of
the corresponding alpha particles in cellulose nitrate, which
was accomplished using the SRIM program[19] (the cellu-
lose nitrate film has the chemical composition C6H8O9N2
and a densityρ = 1.4 g cm−3, which were entered into the
SRIM program).

The ratio V(R′) = Vt(R′)/Vb could also be used, where
R′ was the residual range of the particles. TheV func-
tion given by Durrani and Green[20] was adopted in the
present work (hereafter referred to as the Durrani and Green
function):

V = 1 + (a1 e−a2R
′ + a3e−a4R

′
)(1 − e−a5R

′
) (1)

in a modified form. Originally, the constants for the function
in Eq.(1) were given by Durrani and Green[20] as

a1 = 100, a2 = 0.446, a3 = 4,

a4 = 0.044, a5 = 1 (2)

We systematically adjusted the constantsak (k = 1 to 4) in
Eq. (1) to obtain the best agreement with our experimental
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ersive X-ray fluorescence (EDXRF)[16]. Other technique
f non-destructive monitoring of the active-layer thickn
f the LR 115 film are also available[17,18].

The lengths of the major and minor axes of track open
ere measured by an Image Processing and Analysis S

Leica Imaging Systems QWin standard V2.3) with a m
ification of 1000. More than 20 tracks were measured
nalysed for each combination of incident energy and a

In this way, the experimental dataset consists of a tot
26 data, 63 for the major axis and 63 for the minor axis
incident energies and 7 incident angles (although the

or the major and minor axes are identical for normal i
ence). Here, all the tracks observed in the LR 115 films

aken into account, regardless of whether they perforate
ensitive layer or not.

. Results and the V function

The experimental results for the lengths of the major
exp and the minor axisdexp of track openings are shown
olid circles inFigs. 1 and 2, respectively. The error bars re
esent the standard deviations of the investigated 20 tr
long with these, the lengths for the major axisDcalc and

he minor axisdcalc were calculated for the same irradiat

N =
7∑

i=1

Ni =
7∑

i=1

9∑
j=1

{√[
D

ataset (a total of 126 data forDexp anddexp as mentione
bove), through minimization ofN which was defined as

j) − Dcalc(i, j)
]2 + [

dexp(i, j) − dcalc(i, j)
]2

}
(3)

here summation was performed for 7 incident angles (
he indexi), and for 9 incident energies (with the indexj).
he constanta1 was changed from 1 to 10, with steps of 0

he constanta2 from 0.1 to 1 with steps of 0.1,a3 from 1.5
o 3 with steps of 0.1 and finallya4 from 0.04 to 0.14 with
teps of 0.02. For each combination of constants,Dcalc and
calc were calculated for all incident angles and energies

With the variation of the constantsak, N showed som
scillatory behavior. When the first run with the ranges
teps given above was finished and the best combin
whereN was smallest) was found, the second run was
ormed varying the constants about best values obtain
he first run, with much smaller steps. This procedure
epeated several times in order to find the combinatio
onstants that gave the smallestN. In this way we found th
est combination of constants as

1 = 2.14, a2 = 0.12, a3 = 2.7,

4 = 0.135 (4)

he results of calculations using this set of constantsak are
hown as dotted curves inFig. 1 for the major axes and
ig. 2for the minor axes.
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Fig. 1. Lengths of the major axis of track openings in the LR 115 film from alpha particles with different incident energies and incident angles. Solid circles:
experimental data (with the error bars showing the standard deviations); dotted lines: calculated values for a remaining active-layer of 5.5�m; Solid lines:
calculated values for the remaining active-layer shown in the insert.
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Fig. 2. Lengths of the minor axis of track openings in the LR 115 film from alpha particles with different incident energies and incident angles. Solid circles:
experimental data (with the error bars showing the standard deviations); dotted lines: calculated values for a remaining active-layer of 5.5�m; Solid lines:
calculated values for the remaining active-layer shown in the insert.

4. Corrections for the remaining active layer
thicknesses

FromFigs. 1 and 2, we can see that, except for the inci-
dent angles of 50◦, 60◦ and 80◦, there are some systematic
discrepancies between the experimental results and the calcu-
lated values. For incident angles of 30◦ and 40◦, the calculated
values are systematically lower than the experimental results,
while for incident angles of 70◦ and 90◦, the calculated val-
ues are systematically higher than the experimental results.
It is interesting to observe that the trends of the discrepan-
cies are the same for both the major and minor axes. These

observations suggest the possibility of a different remaining
active-layer thickness from the nominal value of 5.5�m.

Although the thickness of the active layer was monitored
in the present work using EDXRF[16], the uncertainty was
estimated to be around 1�m at the thickness of about 5.5�m,
which was mainly due to the uncertainty in measuring the
EDXRF intensities. Therefore, we expected the remaining
active layer thickness in our experiments to range from 4.5
to 6.5�m.

Our next task was therefore to correct for the different
remaining active-layer thickness for datasets for different
incident angles. By using the newly establishedak values
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Fig. 3. TheV function (=Vt/Vb) from the present work, and those from
previous investigations.

given in Eq.(4), we minimized the value ofNi for the dataset
for thei-th incident angle to obtain the corresponding remain-
ing active-layer thickness. The fits to the experimental data
after corrections for the remaining active-layer thicknesses
are shown as solid lines inFigs. 1 and 2, and the corrected
remaining active-layer thicknesses are shown as inserts in the
figures. It can be seen that the experimental data are now fitted
by the model very satisfactorily. It is also interesting to see
that the corrected remaining active-layer thicknesses range
from 4.88 to 6.42�m, which is consistent with the expected
range of 4.5–6.5�m mentioned above.

5. Discussion about the V function

Recently, a method for determining theVt function
in polyallyldiglycol carbonate (CR-39) was proposed by
Dorschel et al.[21]. The CR-39 detectors were polished from
the side and the track lengths were then measured from the
lateral view of the tracks. This method brought many new
results. For example, for some light ions (4N, 16O), theV
function for CR-39 was found to be not only a function of
the residual range, but also to depend on the position inside
the detector[22], which was referred to as the “depth depen-
dence” ofV although it also depended on the initial ion energy.
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high, with Vmax≈ 45. A nominalVb ≈ 3.3�m h−1 [26] will
giveVt ≈ 150�m h−1, which may be too high. For example,
according to SRIM, the range of alpha particles with energy
of 2.5 MeV is 11.8�m. By evaluating

∫ 11.8
0 dx/Vt(R′ − x),

one may show that such tracks take only about 28 min of
etching to perforate the sensitive layer. Another 20 min of
etching will be needed to obtain visible tracks when the bot-
tom of the tracks achieves the diameter in the order of 1�m.
Therefore, the total time needed to obtain visible tracks is
about 50 min, which is only half the time elapsed when the
first track appears according to Barillon et al.[27].

Barillon et al.[27] also published aV function for alpha
tracks in LR 115 in the form

Vt = Vb + 1

a2
1 +

[
a2R′ − 1

a3R
′
]2 (5)

with constantsa1 = 0.23,a2 = 0.032, anda3 = 3.8. In the same
paper, they also tried aVt function which was proportional
to the ionizing rateI, i.e., Vt = KI, whereK was a propor-
tionality constant, and they concluded that this approach was
unsuccessful because of the lack of information between the
process of physical energy loss and creation of damages in
the material that were responsible for the etching process.
The function in Eq.(5) is shown inFig. 3.
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his finding was confirmed by other research groups an
ther ions (Li, C)[23]. The effect was more pronounced

he ion was heavier. This method has not been applie
he LR 115 film until now. Other recent developments in
etermination of theV function include the use of the conf
al microscope[24] and surface profilometry[25]. However
esults were given only for the CR-39.

A few V functions for alpha particles in cellulose nitr
ave been published. The function from Durrani and G

20] given in Eq.(1) with the original constants listed
q. (2) is shown inFig. 3. A maximum appears close to t
nd of the particle range, which corresponds to the B
eak in the stopping power curve. The maximum is v
Another function also based on the proportiona
etweenVt and the ionizing rateI was proposed by Aharmi
t al.[28] in the form

t = Vb + I(R′)e−ηR′
(6)

hereI(R′) was the ionizing rate as a function of the resid
ange obtained from the SRIM program, andη was deter
ined to be 0.281. Eq.(6) was also programmed and t

esults are given inFig. 3. Some minor differences from t
riginal data given by Aharmim et al. were observed, wh
ere due to the different density of cellulose nitrate ta
ere as 1.4 g cm−3 [29] instead of 1.52[28].

Somogyi[7] proposed aV function in the form

= 1 + e−aR′+b (7)

ith constantsa = 0.356 andb = 3.611.
All functions mentioned above[7,20,27,28]were pro-

rammed and plotted inFig. 3 for comparisons. In th
ow-energy region, there are large discrepancies amon
unctions, with the Durrani–Green’s function[20] and the
unction of Ahmarim et al.[28] on one side, and with th
unction of Barillon et al.[27] on the other. The maximu
f the function of Barillon et al. is about eight times low

han those for the function of Durrani and Green and th
hmarim et al. In the region of larger residual ranges,
bove 20�m, the function of Barillon et al. converges to t
f Durrani and Green, while that of Aharmim et al. drop
nity much faster. Somogyi’s function is below that of B

llon et al. for residual ranges above 8�m and is closer t
he Durrani and Green’s function for smaller residual ran
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This function is also the steepest one, which drops to unity
at a residual range of about 20�m. In contrast to otherV
functions, Somogyi’s function does not show any maximum
close to the end of the particle range.

The function given in Eq.(1) with the constants listed in
Eq. (4), which are determined in this work, is also shown in
Fig. 3together with the original Durrani and Green’s function
as well as other functions mentioned above. A large difference
is observed between the original Durrani and Green’s func-
tion and the one found in the present work. The discrepancy is
very pronounced in the low-energy region around the Bragg
peak, at which our function is about 10 times smaller than
the original one. At larger residual ranges, these two func-
tions converge. Our function is the closest to the function of
Barillon et al. The difference is significant in the low-residual-
range region, and the two functions are almost parallel in
other regions. The functions of Somogyi and Ahramim et al.
are very different from ours, for all values of the residual
range.

6. Conclusions

In this paper, LR 115 cellulose nitrate films were system-
atically irradiated with alpha particles with incident energies
from 1 to 5 MeV and incident angles from 30◦ to 90◦. After
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