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Alpha-spectrometry and fractal analysis of surface micro-images
for characterisation of porous materials used in manufacture
of targets for laser plasma experiments
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D.K. Kovshov, A.E. Lahtikov, D.D. Lukovkina, V.V. Markelov, A.P. Morovov, V.V. Shishlov

Abstract. We present the results of employing the alpha-spectrom-
etry method to determine the characteristics of porous materials
used in targets for laser plasma experiments. It is shown that the
energy spectrum of alpha-particles, after their passage through
porous samples, allows one to determine the distribution of their
path length in the foam skeleton. We describe the procedure of
deriving such a distribution, excluding both the distribution broad-
ening due to statistical nature of the alpha-particle interaction with
an atomic structure (straggling) and hardware effects. The fractal
analysis of micro-images is applied to the same porous surface sam-
ples that have been studied by alpha-spectrometry. The fractal
dimension and size distribution of the number of the foam skeleton
grains are obtained. Using the data obtained, a distribution of the
total foam skeleton thickness along a chosen direction is con-
structed. It roughly coincides with the path length distribution of
alpha-particles within a range of larger path lengths. It is concluded
that the combined use of the alpha-spectrometry method and frac-
tal analysis of images will make it possible to determine the size
distribution of foam skeleton grains (or pores). The results can be
used as initial data in theoretical studies on propagation of the laser
and X-ray radiation in specific porous samples.

Keywords: targets for laser plasma studies, porous materials,
alpha-spectrometry, fractal analysis of surface.

1. Introduction

Many laboratories around the world conduct studies on the
interaction of intense laser radiation with low density (porous)
materials [1—3]. This is due to the opportunity of employing
the plasma of porous media for smoothing the irregularities
in irradiation of targets [4—12], for increasing the plasma tem-
perature and efficiency of laser radiation conversion into
X-ray radiation compared to the case of using the same mate-
rial with normal density [13—-16], and, finally, for controlling
the spectral composition and creating coherent X-ray radia-
tion sources. Furthermore, the use of porous media allows
simulation of astrophysical phenomena in laboratory condi-
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tions and carrying out research on the properties and states
of matter under dynamic loads at a pressure of a few mega-
bars [17].

For explaining the experimental data and designing tar-
gets made of porous materials in order to obtain the desired
effects (smoothing the irregularities, increasing the plasma
temperature, etc.), knowledge of the foam characteristics is
required. These characteristics include average density, opti-
cal density, geometrical thickness, pore size distribution, path
length distribution of optical beams by their lengths in a
material, etc. Currently, the main method of registration con-
sists in a qualitative analysis of the microphotographs taken
by means of an optical or electron microscope [2, 3]. More
seldom, the foam structure representation in the approxima-
tion of fractal clusters [18, 19] is employed for microphoto-
graph processing. To characterise the low-density films from
a substance with a high atomic charge Z, the X-ray inspection
methods are being developed [20].

Previously, Izgorodin et al. [21] noted the possibility of
detecting cracks, damages or density irregularities in film
samples of normal and low-density materials by means of
alpha-spectrometry. These defects lead to a change in the
energy spectrum of the alpha-particle beam after its passage
through the sample. As a result, the spectra allow one to
derive the path length distribution of alpha-particles in the
skeleton of a porous sample and to draw certain conclusions
as to the pore size distribution.

In this paper we present an experimental study on the
application of alpha-spectrometry to determine the structure
of porous film-type samples. Besides, an attempt is made to
describe the structure of porous samples by means of relevant
microphotographs in the approximation of fractal clusters
and to relate the results of the fractal analysis with those
obtained by alpha-spectrometry. All studies are performed
with organic glass samples.

2. Use of alpha-spectrometry to determine
the parameters of porous samples

To study the relation between the main characteristic of the
alpha-particle beam — the energy spectrum — and the film
parameters, we studied experimentally the passage of alpha-
particles through film samples made of organic glass
(CsHgO,). Alpha-particles lose their energy when moving
through a medium and their path length can be evaluated
from the magnitude of energy losses. If the medium is not
solid and has some voids, the energy of the particles having
passed through the medium is dependent on their trajectories.
Thus, in measuring the alpha-particle spectrum, we transform
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the pore size distribution in a medium into the energy distri-
bution of particles. However, the situation is complicated by
the fact that, due to the atomic structure of matter, energy
losses possess a statistical nature and the spectrum of the par-
ticles passed through the medium is broadened. This phenom-
enon is called straggling [22, 23]. In addition, the recorded
spectrum is affected by the hardware broadening, non-paral-
lelism of alpha-particle trajectories in the beam, and original
source spectrum. Therefore, all these factors should be taken
into account to highlight the contribution of pores in a
medium.

2.1. Experimental setup

The spectra of the samples were measured using a spectrom-
eter comprising a silicon surface barrier detector of the PD
series (Detector PD100-12-300AM), a Model 2003BT pream-
plifier (Canberra), spectrometric modular-type NIM-stan-
dard equipment (Canberra), and a Multiport II digital signal
analyser. The data from the digital signal analyser are fed into
the processing computer. Accumulation and processing of the
spectra are carried out using the Genie software. The detector
and preamplifier are constructively combined into a single
unit placed in a vacuum chamber. The energy resolution for
the alpha particles with an energy of 5 MeV amounts to about
11 keV.

A schematic of sample measurements is presented in Fig. 1.
A standard spectrometric source of Pu-238 alpha radiation is
used as a source of alpha-particles. The emission spectrum of
Pu-238 consists of two lines with the alpha-particle energies of
5499 and 5456 keV at a relative intensity of 70.9% and 29 %,
respectively. The active region of the source represents a
round spot of 1 cm? in area, located at the metal substrate’s
centre. The diameter of the samples constitutes 5—6 mm. All
measurements are performed in vacuum (p ~ 10~ mm Hg).
The number of measuring channels reaches 16384; the
energy width of the channel is ~0.4 keV. Control experi-
ments aimed at determining the changes in spectrometric
channel characteristics over time have shown that the drift
of the energy distribution maximum in the course of 4 h
turns out less than 10 analyser channels (less than 4 keV),
which lies within the spectrometer energy resolution. Six
samples of 0.014-0.016-cm-thick porous organic glass
plates are used in the measurements. The plates are cut from
a single piece of foam in three mutually perpendicular direc-
tions. The gravimetrically determined average density is
equal to 0.092 g cm™>. Figure 2 shows the energy spectrum of
alpha-particles after passing through one of the samples of
0.015-cm-thick porous organic glass.

2.2. Processing of the alpha-particle spectrum

There is no doubt that a broad energy spectrum is mainly
conditioned by a large variety of the path lengths of alpha-
particles in the skeleton of foams. However, to distinguish the
explicit contribution of pores (or foam skeleton) and build up
the path length distribution of the alpha-particles in the sam-
ple structure, it is necessary to transform the experimental
spectrum so as to eliminate the effect of all other relevant fac-
tors mentioned above. This procedure of spectrum processing
is carried for all six samples.

The density of the path length distribution of alpha-parti-
cles in the skeleton, s, for the entire area of a porous sample is
determined by the expression [24]
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Figure 1. (a) Scheme of registration and (b) alpha-particle source spec-
trum.
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Figure 2. Energy spectrum of alpha-particles passed through a porous
sample.

P(s) = fo ~ pu(SIEyy(E)dE, (1)

where p(s/E) is the conditional density of the path length dis-
tribution in the skeleton for the alpha-particles having the
energy E after passing through the foam; and yg(F) is the
experimental energy spectrum of alpha-particles after passing
through the foam-type sample. Since the alpha-particle tra-
jectories in the z-direction are randomly located in the xy
plane, this distribution can be treated as a foam distribution
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Figure 3. (a) Schematic of the assembly of six continuous films and (b)
alpha-particle spectrum after passing through the sample. Curve (/) is
the alpha-particle source peak.

by the skeleton thickness in the z-axis direction. The value of
p,(s/E) is determined according to the Bayes formula

1(5)Py(Els)
| piEIsnas

where 7(s) is the density of the path length distribution for a
solid sample in the selected direction; and p,(£/s) is the condi-

ps(sIE) = 2

tional density of the energy distribution of alpha-particles
after passing the distance s in a solid sample. Taking into
account that the path length distribution in a solid non-
porous sample #(s) = const, we obtain

Dy(Els)

PGIE) = .
fo py(Els)ds

3)

Numerical calculation of the distribution density p,(E/s),
with straggling, alpha-source spectrum, and hardware broad-
ening taken into account, represents a complicated problem.
This is the reason why the distribution p,(E/s) has been
derived experimentally, by means of measuring the energy
spectrum of the alpha-particles passed through a step-wise
film-type sample from the solid material. The sample is com-
posed of six superposed films of equal thickness (3 um) as
shown in Fig. 3a. The energy spectrum of alpha-particles,
after their passing through such a sample, constitutes six
peaks, the maxima of which on the energy scale are located in
accordance with the average energy losses of the particles
passed through one, two, and so on, solid films (Fig. 3b).

The shape of the function p,(Es) is chosen from the fol-
lowing considerations. Firstly, the source spectrum has two
well-pronounced peaks. In addition, the spectrum broaden-
ing caused by straggling is, generally speaking, asymmetrical
relative to the maximum. Therefore, the spectrum peaks can
be represented as a sum of two log-normal distributions:

{lex [_l(lnE’ —InEp, )2]
(9} p 2 (9}

Pi(EIS) = \/%E

+Lexp

(%) 2 (%))

_l(lnE’ —InEn ﬂ} @)

where E' = Ey — E, Efyi m2 = Eo — Emi.m2, and E = const for
the same experimental conditions; and Ey, 1, and o0, are
functions of s. Figure 4 shows the families of distributions
Py(Els) [expression (4)] and p(s/E) [expression (3)], which,
with the use of formula (1), determine the distribution density
by the skeleton thickness in the porous sample along the
z-axis direction. This distribution is presented below in Fig. 9
[curve (1)]. In the calculations, the value of Ej is taken equal
to 5500 keV (position of the source peak).
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Figure 4. Family of curves p,(E/s) (a) for two optical path lengths and py(E/s) (b) for two alpha-particle energy values.
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The foam skeleton thickness distribution in the porous
sample may also be obtained by the expression

Ey
Pu(s) = jE (dE/ds) "y (E)dE, (5)

where E; is the alpha-particle energy at the final point of the
trajectory having the length s; dE/dx is the stopping ability of
the sample substance; and vz (FE) is the experimental spec-
trum of the porous sample (Fig. 3). The distribution ¢,(s)
does not take into account the contribution of straggling and
hardware broadening of thespectrum; it is also reproduced
below in Fig. 9 [curve (2)]. It can be seen that, in the absence
of corrections for straggling, hardware broadening, and
source spectrum, this distribution differs from that obtained
with such corrections. This is mainly due to the asymmetry of
broadening. If straggling and source spectrum are Gaussian,
this difference is negligibly small.

3. Fractal analysis of micro-images
of the surfaces of porous samples

In nature, pure geometric fractals do not exist. As applied to
porous structures, the use of fractal analysis is limited by
crushing the parts — the pore size cannot exceed the size of the
sample and the minimum size of the skeleton grain cannot be
smaller than the size of the atom. Therefore, the fractal struc-
ture concept can only be used within certain limits. We have
applied a relevant concept of fractal scaling [19, 25, 26] for
analysis of the microphotographs of the same surfaces of
porous samples that were studied by alpha-spectrometry.

3.1. Micro-images of the surface of porous samples

The microphotographs were obtained with a scanning elec-
tron microscope. Prior to analysis, the samples were covered
with a 20-nm-thick gold layer. To reduce the radiation effect
of the scanning electron beam on the structure, the samples
were examined in a moderate regime of the electron probe: at
the anode voltage of 7 kV and electron current in the beam of
~10 pA. The images of the near-surface structure were
obtained with a magnification in the range from 30* to
10000*. Fig. 5 shows the microphotographs of the surface at

the sample centre with three different magnifications. It can
be seen that the structure is formed by the film-type elements
— membranes — having a thickness from a few tens to hun-
dreds of nanometres.

3.2. Determination of fractal dimension

The fractal dimension was determined by the method of
‘areas’ [18, 19] with the use of a special computer program of
image processing. The noise was manually removed from the
images prior to processing. The process of finding the dimen-
sion can be divided into two stages.

At the first stage, the original image, initially obtained in
grey gradations, was converted into an image with two
colours only — black and white. To do this, the average bright-
ness over the entire image was determined by the formula

M
Sni
_ i

1= ©)

where 7 is the brightness ranging from 0 (black) to 255 (white);
n; is the number of pixels in the image with a brightness i; and
M is the number of pixels in the image (in our case 768 X 768).
When constructing a black-and-white image, all the pixels
with the brightness less than 7 were regarded black, whilst the
pixels with the brightness greater than 7 — white. The result of
such a transformation of the grey image into a black-and-
white image is presented in Figs 6a, b (the size of each pattern
is 40 X 40 um). The black image areas correspond to the
pores, whilst the white image areas — to the skeleton of a
porous sample.

At the second stage, the fractal dimension was determined
by the formula [25]

where L is the number of filled cells for a given partition; and
6 is the number of the square side’s partitions (6% is the num-
ber of cells for a given partition). Tot this end, a uniform
regular grid with a given amount of square cells (Fig. 6b) was
superimposed upon the resulting black-and-white image of

10 um
—_—

| |

Figure 5. Micro-images of the sample surface at various magnifications.
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Figure 6. Micro-images of the sample surface in (a) grey and (b) black-
and-white colour. The image partition parameter & = 16.

the sample. Next, the number of filled cells for each value of
threshold brightness, varying from 10 to 250, was deter-
mined. The procedure was conducted in the following way.
The average brightness value was calculated for each par-
ticular cell and minimal threshold brightness was assigned
to that cell; in this case, the average brightness of the cell
turns out higher than the minimal one. Then, for each value
of threshold brightness, the number L of corresponding cells
and the ratio D, = InL/Ind were calculated. After that the
mesh size was reduced so that the parameter 6 became two-
fold decreased compared to the previous value, and the
above-described procedure was repeated. Figure 7 shows a
typical group of dependences of the ratio D, on the control
value of brightness for the partition parameters § = 4, 8,
16,...256, and 768. Having chosen the value of D, as an
average value calculated over the linear part of each curve,
we obtained the dependence of D, on the partition parame-
ter 6 (Fig. 8). The value D = D, + 1, with 6 tending to infin-
ity, was used as the fractal dimension.
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Figure 7. Dependence of the value D, on the brightness criterion 7 for
different values of the partition parameter 6.

A similar procedure was performed for all six samples
with the use of several images obtained for the same sample at
different magnifications, the magnifications for the first and
last images differing by 200 times. The average value of the
fractal dimension for all images of the samples constituted
2.85 £ 0.02. For some porous samples, the fractal dimension
cannot be defined using the algorithm described, which means

1.651

1 .45 1 1 1 1
0 200 600 0

1
400

Figure 8. Dependence of D, on the partition parameter J.

that the relevant structure does not possess a fractal charac-
ter.

4. Relationship between the fractal dimension
and the alpha-particle path length distribution
in the structure of porous samples

The size distribution of the number of substance grains in
foams for fractal structures is given by the expression [25, 19]

n(p) ~ ap™, (®)

where p = r/h; r is the grain size; / is the sample height (in the
direction of alpha-particle beam propagation); and « is the
normalisation factor. The relative density of grains, the size of
which is confined in the interval from p to p + dp in the sam-
ple with volume V}, appears as

dv, p’n(p)

The probability for the alpha-particle trajectory to hit a grain
of size p can be calculated as

Sp p2
S S (10)
where S is the sample base area. The grain size distribution of
the alpha-particle trajectories, p,(p)dp, is determined by the
product of the grain density by the probability for the trajec-
tory to hit a grain:

po(p)dp ~p>~Pdp. (1n
The relationship between the thickness of grains in a sub-
stance and their size is defined by the expressions

1 2-D

! —p
ds~pr(p)dp, s(p) ~ [ prtp)dp = a5,

(12)

where the value of s is normalised to mh (m is the substance
density of foam grains). To obtain the path length distribu-
tion in the foam substance, we need to express p through s
and dp through ds:
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D-1
p~ (L4 Po2spr 2 dp~ (14222 )2‘Dds. (13)
After substituting (13) into (11), we have
p)ds ~ (1422 )2 Dds. (14)

The value of the coefficient a is estimated from the normalisa-
tion condition

:l’

tdp 1= puin
aJ;J e e (15)

D
min O

and, provided that p., << 1, we obtain a ~ (D-1)p25".
Now distribution (14) can be written as

4 4
p(s)ds ~ (D %pmm 3)2_Dds = bs2-Dds.

(16)
As mentioned above, the fractal dimension of our foam D =
2.85. Then p(s) = b/s*7. The distribution function p(s) (16) is
shown in Fig. 9 [curve (3)] together with the path length dis-
tribution ¢(s) of alpha-particles in the porous sample skele-
ton, obtained from the alpha-particle energy spectrum. The
value b (or p,iy) 1s selected so that the curve p(s) be tangent to
the curve ¢(s).

P> Pa> P
0.6
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Figure 9. Optical path length distributions of the trajectories for a po-
rous sample: (/) distribution ¢(s) obtained from the alpha-particle
spectrum with regard to straggling, source spectrum, and hardware
broadening [formula (1)], (2) distribution ¢,(s) obtained from the al-
pha-particle spectrum with regard to energy losses only [formula (5)],
(3) distribution p(s) obtained from the fractal image analysis [formula
(14)] and (4) the power law p(s) = b/s*.

One might expect that curve (3) will be good to describe
the descending part of dependence (/). However, this region
can be in the best way approximated by the power law p(s) =
bls*7 [curve (4)]. The discrepancy can be explained by anisot-
ropy of the foam structure consisting of the randomly ori-
ented film-type formations and also by an inaccuracy in the D
value evaluation. For our conditions, the assessment of the
minimum grain size affecting the distribution of the number
of trajectories by the skeleton length at s ~ 2.8—4.5 mg cm™>
gives Puin ~ 0.01 (or r ~ 10~ cm).

In the framework of the above-described formalism, an
estimate of the average grain size appears as

p f prp)dp [ i (17)

The total volume of grains (skeleton substance) is determined as

4
von [ Sompdpr B )

Pmin (D - 2)3(40 - 7)

where s(p) is taken in the form of (12). It is here assumed that
Pmin << 1. Passing over from dimensionless values to dimen-
sional ones, from (17) and (18) we obtain a relationship
between the average grain size 7 and the volume ¥ of the
skeleton substance in the form

- V3
%~<4D 7 ) (19)

D—17V,

If we assume that the thickness / of the foam sample is pro-
portional to the average pore size d,,, whilst the foam volume
is approximately equal to the volume of pores, the ratio of the
average size of grains in the skeleton and pores as a function
of the ratio of the total volume of grains in the skeleton and
pores takes the form i/dy ~ (V/V;)*3. This is not consistent
with a similar ratio in [10, 11], where the exponent is assumed
to be 0.8. The difference is caused by different definitions of
the sizes of a pore and a grain. In [10, 11] the ratio 7/d is con-
sidered as a ratio of the thickness to the length of membranes
or filaments that make up the foam skeleton. In this paper it
is the ratio of the average grain size of the skeleton and pores.
Herewith, the grain size is treated not as a specific size in a
particular porous structure, but as a size determined by statis-
tical processing in the approximation of fractal clusters.

5. Conclusions

Thus, the alpha-spectrometry method, in addition to the
integrity control and evaluation of the thickness nonunifor-
mity in the film-type samples, can be applied to obtain the
path length distribution of alpha-particles in the substance of
the skeleton. The analysis of micro-images of the slices of
porous samples has shown that their structure has a fractal
nature on the relative scale of magnifications in the range of
1-200; fractal dimension of the skeleton grains has been
determined. The path length distribution in the skeleton
derived using the fractal dimension is close to that obtained
from the alpha-spectra in the right descending part of the dis-
tribution. This gives reason to assume that the grain size dis-
tribution in the low-porosity areas has a form of p=°, being
characteristic of fractal structures. These data can be used as
a source in theoretical consideration of propagation of laser
and X-ray radiation in specific porous samples.
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