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Abstract

The effect of multiple scattering on the detected y-photons at the surface of
Hyakutake comet, which emitted from the radioisotope **'Cs were studied and
compared the results with the single scattering case. Also the multiple scattering
results were gathered with the single scattering case and investigate the effect. The
calculations were conducted to analyze the variation of counts rate with source
detector separation and the source of energy. Monte Carlo (MC) method was used to
simulate the scattering and absorption of photons in semi-infinite material by
developing the program in FORTRAN language (77 - 90) for this purpose. The
distance between the source and the detector takes values of 1, 2,....5 cm, the results
showed that single scattering gives a maximum counts generally at distances
between 3 and 4 cm, while the multiple scattering case appears increasing as the
source detector distance increased.

Keywords: Comets, Multi-scattering and Monte Carlo simulation

cluidal) clija Aaalsy LI §jUaiual) cilighghl) Gilias) o asiall §)Uaiud) il Las)

*gelaul GhU pad g aBils Bl £de
bl el daals cplall IS o Lindlly ALl oo

Ladal)

Dbaall (o Lmiall 5 eligSla Cuda mhas Je WS Gligd Gling) e saxaial) 3)lainy) il
Lol Caren 38 520eal) 5] el 500 U Alls pe Linlia 5 Ll cui'? Cs i)
alsall pa 2a A () Jilai ) ciliag) caliluall L 800 duh iy saykall 5yUaiay) Alla ae
ise Adla Cilewin L aidall 35 8 Alasl LSl AAES 5 dalal) Hame 5 adlKH 5 saadl o
Ly el lal Alauly Lygiie ¥ o4udll sald) b Gliggll galaid 5 ylain Gllad SIS
Coglal 5 aw Seeenn 2 o] 1SN 5 aad) Lo diledl 280 @da) LS L(90-77) sl
B! Ala o) a8 e 4 5 3 clilial die ae A o) e sjad) Uiy ol )
il 5 uaall g Adleall BT ae D5 Hedad Badeiall

1. Introduction

Gamma nuclear instruments are used in a wide astronomical applications. This paper contains the
computational results which have been obtained from MC simulation of Compton backscatter
densitometer in semi — infinite bulk materials to investigate the variation of backscattered count rate
with the design parameters. Backscattering is a phenomenon in which

Photons colliding within the material are scattered backward compared to their original direction.
When the material thickness is very thin, the backscattering phenomenon does not occur. The number
of single and multiple backscattering photons increases according to the target thickness, eventually
reaching the saturation [1]. In the collisions between photons and free electrons, higher orders
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processes occur due to large number of secondary radiation produced in the first encounter and are
known as multiply Compton scattered radiation. In gamma ray interaction study, these radiations may
also reach the detector along with singly scattered radiation and get counted [2]. MC method was
commonly used to predict the distribution of multiple scattering. Uemura 1965 used Single Scattering
Model (SSM) of gamma ray from materials of various densities into a surface gauge of the soil density
[3]. Felstiner et.al. 1974 used MC technique to calculate the total intensity and spectral distribution of
multiple scattered photons in a typical y — Ray Compton scattering experiment [4]. Pitkanen et. al.,
1986 directly measured the spectrum of 662 keV gamma radiation multiply scattered by a nickel
sample in a Compton scattering experiment at a scattering angle of 104", Under these conditions the
multiple profile extends well beyond the single, and this affords an opportunity to check the MC
simulation commonly used to correct the single line shapes (Compton profiles ) [5]. Ball et. al., 1998
used the extension of SSM for gamma backscatter density gauges to describe how the total detected
count rate change in response to localized density variations within the material [6]. Singh et. al.,2008
observed the energy , intensity and angular distribution of multiple scattering of 662 keV gamma
photons, emerging from targets of pure elements and binary alloys as a function of target thickness in
reflection and transmission geometries [7]. Sabharwal et. al., 2014 found that the numbers of multiple
backscattering events increase with thickness of cooper target, and saturate for a particular thickness
known as saturation thickness [8].
2. Chemical composition of Hyakutake comet

In March 1996, Hyakutake comet, which comes from Oort cloud, passed only 0.1 AU from the
earth [9]. The nuclei of comets have for many years been cited as likely repositories for primordial
material left over from the formation of the Solar System [10]. The primary driving for activity close
to the sun is sublimation, which is the transition of solid to vapor state [11]. In Whipple model a comet
nucleus was considered as a conglomerate of ice such as H,O, NH3, NH4, CO, and CO these
materials and other possible material volatiles combined in conglomerate with some amounts of
meteoric materials at low temperature [12]. In addition to the orbital classification, short and long
period comets, comets have also been classified according to their dust content based on continuum
emission in the visible range of the spectrum, so, there are dust-rich and dust-poor comets. This
classification refers to the dust observed in the coma. The abundance of volatiles in the nucleus is not
discovered directly by the observed of mixing ratios in the coma, the mixing ratio of species in the
nucleus provides the important information about the composition of the solar nebula. Thus, it is
important to relate the observed mixing ratios in the coma to those in the nucleus. This is a major goal
for modeling comet nuclei [13]. An important recent development is the ability to map the molecules
in the coma at radio wavelength, this allows to address the origin, nuclear or not, of a species, and to
reveal structures of the coma [14]. Gamma ray spectroscopy is a suitable technique to determine the
abundance of the major rock-forming and radioactive elements of a planetary body. The composition
of the surface and sub-surface of astronomical objects can be extracted from the measured y-ray
spectra, where the y-ray spectrum emitted from a planetary surface at ranges between 200 keV and 10
MeV [15]. Table -1 illustrates the chemical composition of hyakutake comet:

Table 1- Molecular abundances of Hyackutake comet [16-17].

Molecules Abundances Densities
H,0 100 0.917
CcO 5-30 0.789
CO, <7 1.562
CH, 0.7 0.442
H,CO 0.2-1 0.815
C,H, 0.3-0.9 0.729
C,Hg 0.4 0.546
NH; 0.5 0.86
CH;0OH 2 0.791
H,S 0.6 1.540
HCN 0.15 0.697
CS, 0.1 1.26
SO, 0.04 1.458
HNCO 0.07 1.14
CH3;CN 0.01 0.787
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3. MC simulation

A MC simulation has been developed to describe the interaction processes of Gamma rays when
coming in a medium with semi-infinite volume. It has been used to evaluate several parameters of
gamma ray gauges and to reproduce the related experimental calibration curves [18][19]. The photons
emitted from a radiation source is followed until they are lost by the photoelectric absorption in the
medium or registered by the detector [10, 19]. The MC can be used to duplicate theoretically a
statistical process such as the interaction of nuclear particles with materials, and is particularly useful
for complex problems that cannot be modelled by computer codes, that use deterministic methods. The
individual probabilistic events that comprise a process are simulated sequentially [20]. In the present
work MC simulation can be employed to model the backscatter densitometer design. While the
attenuation of primary photons is easily calculated analytically, the MC method can also model the
scattered radiation. The author developed a FORTRAN Monte Carlo code to examine the absorption
and scattering of a large number of photons in bulk material of uniform bulk density. The code does
not model the detector response but can provide the basic properties (position, direction and energy) of
photons passing through one or more “virtual detectors’ at or above the material’s surface [10, 16].
4. Geometry of Single and Multi scattering models:

The geometrical arrangement of Compton backscatter process is very important to calculate the
bulk density near the surface of comet nucleus and write the computer program. Each primary and
secondary photons are tracked through the geometry by the following steps:

Stepl: A beam of photons of energy E, emitted from a source at S point propagate into the semi-
infinite material under study which is considered to be of uniform density. The emission direction
making an angle a (of value 45 > a >90°) with baseline SD. At the source energy (such as the most
commonly used radioisotope **’Cs, which emits at 662 keV). Compton scattering is the dominant
interaction. Primary photons emitted from the mono-energetic source having linear attenuation
coefficient ().

Step2: Compton scattering is considered to occur at a point P in the bulk material. Though some
proportion of the photons may not reach P having an undergone absorption, scattering somewhere
along the path SP of length ry, or escaping along its path outside the bulk material.

Step3: photons scattered at P towards the detector make an angle B with baseline. Those photons may
of course be lost along the path PD of length r,, or escaping along its path outside the bulk material.
Figure -1 explain Kan method which was used to calculate the energy of scattered photons.

Mass attenuation coefficient (l1,) for the scattered photons will depending on the scattering angle (0),
the following relationship related the energy of gamma photons, energy of scattered photons and the
scattering angle (0):

E, A 1)

v = 1+(1—cosO)E, /m,c?
E, and mec? is the energy of scattered photons and electron rest mass energy respectively.

Inside the bulk material it is possible that photons undergo multi-scattering before it reaches the
detector at the surface. A photon detector of sensitive area is placed on the surface at distance d. Both
of the source and detector are considered to be point like in order to simplify the geometry and
subsequent analysis. Figure (2) illustrate the basic geometry of the backscatter technique. Because of
the random nature of the radiation emission Kahn method would have been chosen, which is not an
approximation and works for any incident photon energy. The method requires generating and analysis
of at least one set of these random numbers (v;, vz, v3) in the range (0 < v; < 1) Using simple
trigonometry one can obtain the basic relations between the angular and linear parameters in the
diagram. These are useful when transforming between angular and Cartesian co-ordinate systems and
when writing computer codes for the SSM and MSM [10]:

P20+ Y+ 27 (2)
2= (X-0)2+ Y2+ 22, (3)
R (4)
B = L Beorrereeeseeers e )
a=tan™! —VyZXJrZZ , Bp=tan™! —V}:_J;ZZ .............. (6)

where, X,Y,Z are the coordinates of emitter point.
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Figure 1- Method for random sampling of the Klein-Nishina distribution by the Kahn method [10].

5. Results and discussion
Measurements of the scattered photons are carried out as a function of source detector separation

and source of energy in the cases of single scattering and the mixed case (single + multiple scattering).
The effect of these parameters had been studied for 3*10* photons subtracted by extremely 10% from
the scattered photons in the case of multiple scattering as escaping photons.

d(s.L.) g D

Bullkt material

Figure 2- Basic geometry of Compton backscatter technique
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Source - detector separation (sond length SL)

To investigate the sond length effect on the detected count rate, several runs of MC calculation for
3*10* photons for the energy 662 keV for comet materials and the detector of radius 12.5 cm placed at
1,2,3,4 and 5 cm from the source. The results reveal that more suitable distance for the detector was
between 3 and 4 cm from the source, where the counts of photons reach the maximum values at these
distances.

From figure -3 it’s appear that in the molecules of CH4, C,Hg, HCN, C,H,, CH3;CN, and CO
respectively the number of counts reach its maximum value at S.L. = 3 c¢cm in the single scattering
case. For CH;OH molecule, in first case, number of counts reaches the maximum value extremely at 3
and 4 cm and decreasing at 5 cm. Generally in the mixed case (single scattering + multi scattering)
single scattering almost causes a decreasing in the multi scattering case, so the curves show saturation
instead of continuous increasing and the highest count rate recorded at 3 cm too. The count rate was
saturated at H,CO in the first case, NH3 and H,O appear increasing at 2 and 4 cm (more than 3 cm) in
the first case. The mixed case gives the same behavior but the degradation is sharper at H,O than NH.

At HNCO and CS,, the first sond lengths (2 and 3 cm) recorded the highest count rate and
decreased after these distances. The mixed case indicate that number of counts increases in HNCO to
3 cm and then decreases, in CS, number of detected photons decreases below and above 3 cm. After 3
cm the counts at SO, decreases in the first case. While the mixed case shows a saturation between 3
and 5 cm.
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Figure 3 - variation of count rate with the sond length E=662 keV, A): single scattering case, B): mixed case.

At H,S the counts rapidly degradation after 2 cm in the first case. The depreciation beyond 2 cm
distance is clear in the mixed case. The continuous smooth depression in the first state appears in CO,
molecule. In mixed case the detected photons slightly increasing with sond length to about 4 cm and
fall at 5 cm.

Source of energy (E)

The nature of backscattering or reflection gamma photons incident on the surface of a scattering

medium depends on the energy of the primary gamma flux [18]. To calculate the optimal source
energy for 3*10* photons, fixed detector radius 12.5 cm, different densities and source — detector
separation 1,2,3,4 and 5 cm, were considered taking range of energies from 300, 400, ........ to 900
keV.
From figure (3) we notice that the count rate depression with the increasing of energies and the
maximum counts recorded between 300 and 400 keV where the probability of photons interaction at
low energies is more than at higher energies. At higher densities 1.26 to 1.56 g/cm® (at molecules CS,,
S0,, H,S and CO, respectively) the count rate appears extremely saturation instead of depression.
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Figure 4-Variation of count rate as a function of energy for 15 compounds.

6. Conclusions

The
1.

2.
3.
4,
5.
6.
7.
Ref
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main conclusions could be summarize as follows:
The simulation results can help to improve the conditions and the accuracy of the experimental
measurements.

The optimal radioisotopes source at Compton window **'Cs of energy 662 keV is useful to reduce
the chemical composition effect.
From the chosen sond lengths, it was found that the optimal sond lengths is about 3 cm for singly
scattered photons.
The count rate in the single and mixed cases increasing with the increasing of material density.
At the critical density of H,S 1.54 g/cm?® the counts reach its maximum values while, above and
below this density the counts is reduced.
Smaller source _ detector separations are better for higher densities.
In Compton scattering, the probability of scattering is decreasing with the increasing of energy.
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