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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 5MeV with incident angles from 3Go 90°. After etching to remove a thickness of G.B, 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 magnificaticfheté@lata
were used altogether to derivé/dunction (ratio between the track etch rate and the bulk etch rate), which took the functional form of the
Durrani—Green’s function, i.e¥/ = 1+ (a3 exp(—axR’) + az exp(—asR’))(1 — exp(—asR’)), but with new constants ag =2.14,a,=0.12,
az=2.7 anduy =0.135 @5 =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
was consistent with the expected range.
© 2005 Published by Elsevier B.V.
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1. Introduction parisons between the values calculated from the track growth
models with experimental values of track parameters for vari-

Cellulose nitrate films (commercially available as LR 115 ous incident angles and energies of the ions have been scarce.

films from DOSIRAD, France) have been commonly used as In most cases, comparisons have been limited to normal inci-

solid-state nuclear track detectors (SSNTDs) in which visible dence, or only the critical angles have been measured. For

tracks can be formed after ion irradiation and suitable chemi- example, Dorschel et 4lL4] found good agreements between

cal etching. Recent reviews on SSNTDs can be found in Ref. calculated and measured track parameters, but only consid-

[1] and onion tracks in Ref2]. lon-track growth in SSNTDs  ering the incident angle of 40

has been suggested to base on two paraméteasdVy, [3], In the present work, we compare experimental data on

whereV;isthe track etchrate (i.e., the rate of chemical etching the lengths of major and minor axes of the track openings

along the ion trajectory) ant, is the bulk etch rate (i.e., the  in LR 115 films with the values calculated from our three-

rate of chemical etching of the undamaged surface). Over thedimensional mode]11]. This comparison enables determi-

years, many models have been developed 0] Recently, nation of theV function for the LR 115 films.

the tracks were considered as three-dimensional oljjetiis

which enabled calculations of the track parameters including

the lengths of the major and minor axes of track openings, andy - gxperimental methodology

plotting of their profileqd12,13] Although the track growth

models have been developed for more than 30 years, com- | R 115 films consist of thin films of cellulose nitrate

manufactured by DOSIRAD, France. Type 2 non-strippable

— LR 115 films, with a 12um thick sensitive (or active)
* Corresponding author. Tel.: +852 27887812; fax: +852 27887830.

E-mail address: peteryu@cityu.edu.hk (K.N. Yu). cellulose nitrate Iayer_ coated on a ];Dm_thlck polye_ster
1 On leave from Faculty of Sciences, University of Kragujevac, Serbia Dase, were employed in the present studies. The active layers
and Monte Negro. of these films were systematically irradiated with alpha
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particles from ar?*!Am alpha particle source (main initial ~ conditions used in the experiments. As mentioned above, our

energyEo = 5.48 MeV) through a collimator made of acrylic  track growth mode[11] was employed for the calculations.

resin with a hole diameter of 3mm. By using air as the stop- Input parameters in the model included the incident energy

ping medium between the source and the films, the incidentand angle of the alpha particle, etching tin¥g,and theV;

alpha energies on the films ranged from 1 to 5MeV, with function. The input energy was used to calculate the range of

steps of 0.5 MeV. The incident alpha particle energies were the corresponding alpha particles in cellulose nitrate, which

determined with an alpha spectroscopy system (ORTECWas accomplished using the SRIM progrét8] (the cellu-

Model 5030). The incident angle was also varied frorfi 30 lose nitrate film has the chemical compositiopHgOgN2

up to 90, with steps of 10. For each chosen incident angle, and a densityp=1.4gcnT3, which were entered into the

a special procedure has been taken to irradiate different partsSRIM program).

of the active layer of the same LR 115 film by alpha particles ~ The ratio V(R') = Vi(R)/V}, could also be used, where

with different energies. This procedure ensures a uniform R* was the residual range of the particles. T¥iefunc-

active layer thickness after chemical etching for all incident tion given by Durrani and Greef20] was adopted in the

alpha energies for each incident angle. present work (hereafter referred to as the Durrani and Green
The irradiated films were etched in standard etching con- function):

ditions usually utilized for LR 115, i.e., in a 2.5N NaOH R R R

solution at 60, until the remaining active-layer thicknesswas ¥V =1+ (a1€7" +aze™™")(1—e™%7) 1)

5.5um, which was used in our previous studj@g]. How-

ever, it is noted that the bulk etch rate varies drastically with !N @ modified form. Originally, the constants for the function

the amount of stirring, which means that the etched thick- in Eq. (1) were given by Durrani and Gre¢20] as

ness of the active layer cannot be controlled solely by the

temperature and concentration of the etchant, and the duras* = 100 a2 =0446  a3=4,

tion of etching[15]. Continuous monitoring of the remaining a4 = 0.044, as=1 (2)

active-layer thickness is required. In the present work, this

thickness was non-destructively monitored using energy dis-  We systematically adjusted the constantgc=1to 4) in

persive X-ray fluorescence (EDXRP)6]. Other techniques  EQ. (1) to obtain the best agreement with our experimental

of non-destructive monitoring of the active-layer thickness dataset (a total of 126 data fBrexp anddexp as mentioned

of the LR 115 film are also availab[&7,18] above), through minimization @f which was defined as

7 9
N=Y =YY {\/ Desglis /) — Deaidis J)]2 + [dexplis J) — deaicl. j)}z} @3)
Jj=

7
i=1 i=1

where summation was performed for 7 incident angles (with

The lengths of the major and minor axes of track openings the indexi), and for 9 incident energies (W'Fh the indgx
were measured by an Image Processing and Analysis SystenThe constani; was changed from 1 to 10, with steps of 0.5,
(Leica Imaging Systems QWin standard V2.3) with a mag- the constant; from 0.1 to 1 with steps of 0.k from 1.5
nification of 1000. More than 20 tracks were measured and to 3 with steps of 0.1 and f|na_lly4 _from 0.04 t0 0.14 with
analysed for each combination of incident energy and angle.steIOS of 0.02. For each cor_nbl_natlon of constaliic af?d

In this way, the experimental dataset consists of a total of dealc Were calcullat.ed forallincident angles and energies.
126 data, 63 for the major axis and 63 for the minor axis, for With the variation of the constantg, N showed some
9 incident energies and 7 incident angles (although the data® scillatory behavior. When the first run with the ranges and
for the major and minor axes are identical for normal inci- steps given above was finished and the best combination
dence). Here, all the tracks observed in the LR 115 films were (whereN was smallest) was found, the second run was per-

taken into account, regardless of whether they perforated th Igm}edtvarymgtthhe cor;]stanti abotut be§rthvalues o(kj)tamed in
sensitive layer or not. e first run, with much smaller steps. This procedure was

repeated several times in order to find the combination of
constants that gave the smalldstin this way we found the
best combination of constants as

3. Results and the V function

The experimental results for the lengths of the major axis a1 =214, az =012 a3 =21,
Dexp and the minor axiglexp of track openings are shown as a4 = 0.135 4)
solid circles inFigs. 1 and 2respectively. The error bars rep-

resent the standard deviations of the investigated 20 tracks.The results of calculations using this set of constajptare
Along with these, the lengths for the major aXigac and shown as dotted curves Fig. 1 for the major axes and in
the minor axis/caic were calculated for the same irradiation  Fig. 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 anglesl&lid ci
experimental data (with the error bars showing the standard deviations); dotted lines: calculated values for a remaining active-layer $6kdSines:
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 anglezl&olid ci
experimental data (with the error bars showing the standard deviations); dotted lines: calculated values for a remaining active-layer $6kd3ines:
calculated values for the remaining active-layer shown in the insert.

4. Corrections for the remaining active layer
thicknesses

observations suggest the possibility of a different remaining
active-layer thickness from the nominal value of fré.
Although the thickness of the active layer was monitored
FromFigs. 1 and 2we can see that, except for the inci- in the present work using EDXRE6], the uncertainty was
dent angles of 5Q 60° and 80, there are some systematic estimated to be aroundudm at the thickness of about 5u%n,
discrepancies between the experimental results and the calcuwhich was mainly due to the uncertainty in measuring the
lated values. Forincident angles of2hd 40, the calculated =~ EDXREF intensities. Therefore, we expected the remaining
values are systematically lower than the experimental results,active layer thickness in our experiments to range from 4.5
while for incident angles of 70and 90, the calculated val-  to 6.5um.
ues are systematically higher than the experimental results. Our next task was therefore to correct for the different
It is interesting to observe that the trends of the discrepan-remaining active-layer thickness for datasets for different
cies are the same for both the major and minor axes. Thesdncident angles. By using the newly establishgdvalues
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Present work
Somogyi [7]
Durrani and Green [20]
-------- Barillon et al. [27]
- Ahramim et al. [28]

Vv,

10 20 30 40
Residual range of alpha particles in LR 115 (um)

Fig. 3. TheV function (=V/V},) from the present work, and those from
previous investigations.

given in Eq.(4), we minimized the value d¥; for the dataset
for thei-th incident angle to obtain the corresponding remain-
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high, with Vinax~ 45. A nominalVy ~ 3.3pum h~1 [26] will
give V¢ ~ 150pm h™1, which may be too high. For example,
according to SRIM, the range of alpha particles with energy
of 2.5MeV is 11.§um. By evaluatingfo118 dx/Vi(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 orderofl
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[al7].

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

1

Vi=Wo+ %)

1
asR’

iZ
with constants; =0.23,a2 =0.032, andiz = 3.8. In the same

paper, they also tried & function which was proportional
to the ionizing ratd, i.e., Vi =KI, whereK was a propor-

a% + iazR’ —

ing active-layer thickness. The fits to the experimental data tionality constant, and they concluded that this approach was
after corrections for the remaining active-layer thicknesses ynsuccessful because of the lack of information between the
are shown as solid lines ifigs. 1 and 2and the corrected  process of physical energy loss and creation of damages in
remaining active-layer thicknesses are shown as inserts in thehe material that were responsible for the etching process.

figures. It can be seen thatthe experimental data are now fitte
by the model very satisfactorily. It is also interesting to see

drhe function in Eq(5) is shown inFig. 3.
Another function also based on the proportionality

that the corrected remaining aCtive-Iayer thicknesses rangebetweervt and the ionizing ratéwas proposed by Aharmim

from 4.88 to 6.42um, which is consistent with the expected
range of 4.5-6.p.m mentioned above.

5. Discussion about the V function

Recently, a method for determining th& function
in polyallyldiglycol carbonate (CR-39) was proposed by
Dorschel etal[21]. The CR-39 detectors were polished from
the side and the track lengths were then measured from th
lateral view of the tracks. This method brought many new
results. For example, for some light iorf8\( 160), the v
function for CR-39 was found to be not only a function of

et al.[28] in the form
(6)

wherel(R’) was the ionizing rate as a function of the residual
range obtained from the SRIM program, amdvas deter-
mined to be 0.281. E(6) was also programmed and the
results are given ifrig. 3. Some minor differences from the
original data given by Aharmim et al. were observed, which
were due to the different density of cellulose nitrate taken
Shere as 1.4 g c? [29] instead of 1.5228].

Somogyi[7] proposed & function in the form

Vi = Vp + I(R)e %

V — 1 _i_ e—aR/—i-b

()

the residual range, but also to depend on the position inside

the detectof22], which was referred to as the “depth depen-
dence” ofValthoughitalso depended on the initialion energy.

with constants = 0.356 andb = 3.611.
All functions mentioned abov§7,20,27,28]were pro-

This finding was confirmed by other research groups and for grammed and plotted ifrig. 3 for comparisons. In the

other ions (Li, C)[23]. The effect was more pronounced if

low-energy region, there are large discrepancies among the

the ion was heavier. This method has not been applied tofunctions, with the Durrani—Green’s functid@0] and the

the LR 115 film until now. Other recent developments in the
determination of thé function include the use of the confo-
cal microscop¢24] and surface profilometj25]. However,
results were given only for the CR-39.

A few V functions for alpha particles in cellulose nitrate

function of Ahmarim et al[28] on one side, and with the
function of Barillon et al[27] on the other. The maximum
of the function of Barillon et al. is about eight times lower
than those for the function of Durrani and Green and that of
Ahmarim et al. In the region of larger residual ranges, i.e.,

have been published. The function from Durrani and Green above 2Qum, the function of Barillon et al. converges to that

[20] given in Eg.(1) with the original constants listed in
Eq. (2) is shown inFig. 3. A maximum appears close to the

of Durrani and Green, while that of Aharmim et al. drops to
unity much faster. Somogyi’s function is below that of Bar-

end of the particle range, which corresponds to the Braggillon et al. for residual ranges aboveud and is closer to

peak in the stopping power curve. The maximum is very

the Durrani and Green'’s function for smaller residual ranges.
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This function is also the steepest one, which drops to unity Kong (City University of Hong Kong reference number
at a residual range of about gin. In contrast to othel 9040882).
functions, Somogyi’s function does not show any maximum
close to the end of the particle range.
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