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An Experimental Study on Rayleigh Scattering

Rayleigh Sacilma Uzerine Deneysel Bir Calisma

Abstract
Salih Z. ERZENEO&LU The Rayleigh scattering cross-sections were determined in the region of 22< 7 <82 at 126°
Atatiirk University, Department of Physics, using an energy dispersive X-ray fluorescence spectrometer at 59.5 keV energy and a
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Si(Li) detector. This paper presents and discusses the results of this study. The predictions
of several form factor theories were compared with experimental Rayleigh scattering
differential cross-sections
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Oz

Bu calismada, Rayleigh sacilma diferansiyel tesir kesitleri enerji ayrimh X-isini fléresans
spektrometreyle 22< 7 <82 bélgesinde 126° lik sacilma agisinda dl¢ildii. Deneyde 59.5
keV enerijili fotonlar ve bir Si(Li) dedektori kullanildi. Sonuglar bu makalede sunuldu ve
tartisildi. Deneysel Rayleigh sacilma diferansiyel tesir kesitleri farkli form faktor
teorilerinin sonuglariyla karsilastirildi.

Anahtar Kelimeler: Rayleigh sacilma, Diferansiyel tesir kesiti, X-isini floresans
spektrometre
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Introduction

Rayleigh scattering studies play a major role in fundamental atomic-physics research. For this reason, there has been much
research in the literature. For the liver, kidney, muscle, and fat, Boke (2014) calculated coherent and incoherent scattering,
photoelectric cross-sections, and linear attenuation coefficients. Thulasi et al. (2021) experimentally calculated the angle
integrated total scattering cross sections of a few rare earth oxides for 59.54 keV gamma rays in the angular ranges of 0-40,
0-60, 0-80, and 0-100. They examined how the effective atomic number of the chosen compounds varied in relation to the
angle-integrated coherent scattering cross-section. Angle-integrated coherent scattering cross-sections of a few components
at modest momentum transfers throughout four angular ranges were published by (Vinaykumar & Umesh, 2016). The
coherent (Rayleigh) to incoherent (Compton) scattering cross-section ratio of elements in the range 6 < Z < 82 was
experimentally established for 145 keV incident gamma photons by Singh et al. (2013). They were found to be in agreement
with theoretical predictions based on the non-relativistic form factor, relativistic form factor, modified form factor, and S-
matrix theory, which correspond to 4.939, 6.704, and 8.264 A1 photon momentum transfer. At an energy of 59.54 keV, Thanh
et al. (2020) used six well-known techniques to obtain experimental data of the Rayleigh to Compton scattering ratios
depending on the effective atomic number of the 15 powder samples in the range 10 < Z < 30. They fitted the Rayleigh peak
using a Gaussian function using Root software and the Compton peak using a Voigt function using a new fitting process with
the least squares method. Utilizing a Ge(Li) detector, icelli and Erzeneoglu (2002) determined differential cross-sections for
coherent and Compton scattering of 59.5 keV gamma-rays at scattering 55° and 115°. Theoretical coherent and Compton
scattering differential cross-sections were measured by interpolating atomic form factors and incoherent scattering functions
corresponding to 2.216 and 4.048 At photon momentum transfer. Rayleigh scattering cross section measurements for 39.5
keV (Sm-Ka2), 40.1 keV (Sm-Kal), and 45.4 keV (Sm-KB1,3) X-ray photons in 35 elements with 26<Z<83 at a backward angle
of 139° have been reported by Upmanyu et al. (2017). They carried out scattering experiments using a secondary photon
source made up of a samarium (62Sm) target energized by 59.54 keV gamma-rays from the Am-241 radioactive source in a
reflection-mode geometrical setup. To highlight the necessity of updating publicly accessible databases to incorporate the
current atomic form factor tabulations, which allows the determination of a compound's linear differential scattering
coefficient from a weighted sum of its elemental components. Tartari et al. (2005) have provided new small angle coherent
scattering data. These data take into account the impact of the large-scale sample structure arrangement in addition to the
molecular interference effect. Volotka et al. (2016) study theorize the Rayleigh scattering of X-rays by highly charged ions
with numerous electrons. Beyond the independent-particle approximation (IPA), which is typically used to describe Rayleigh
scattering, researchers have investigated many electron effects. Del Lama et al. (2015) have employed the Rayleigh to
Compton scattering ratio (R/C) as a trustworthy quantitative technique for materials analysis, particularly biological ones.
Their goal was to apply the R/C approach to determine which phantom was best suited to simulate biological tissues while
taking into account two distinct experimental scenarios: scattering and attenuation. In the present study, Rayleigh scattering
cross sections were reported for 14 elements.

Theoretical Basis

The differential cross-section for Rayleigh scattering of y-rays by a target atom is obtained using the equation (Kane et al.,
1983)
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where n is the number of photons Rayleigh scattered, n4! is the number of photons Compton scattered from Al, T4
and T are, respectively, the transmission factors for Al at the Compton energy and for 59.5 keV energy with the target, N4
and N are the number of scattering atoms in Al and the scatterer, €€ and € are, respectively, the detector photopeak
efficiencies for Compton and Rayleigh scattered y-rays,
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is the Compton scattering cross-section for the aluminum, do®V/df is the Klein—-Nishina cross-section per electron,
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S(x,Z) is the incoherent scattering function, x is the photon momentum transfer [x = sin(6/2)/A] A1, 0 is the angle of
scattering, A is the wavelength of the incident radiation in Angstrom, , Z is the atomic number of the scattering atom.
The theoretical Rayleigh scattering differential cross-section is calculated by using
do _ 1 2

—o =5 1 (1 + cos?O)[F (x,2))? (3)

where 7, is the classical electron radius (2.8179380 X 10~15 m), F(x, Z) is the atomic form factor.
Experimental Basis

The experimental setup used is given in Figure. 1. In this study, we used a point source of Am-241 with an intensity of 100
mCi which emits 59.5 keV gamma rays. The source was placed in lead blocks to collimate rays. We used a Si(Li) detector
having 4 mm in active diameter and 3 mm in sensitive crystal depth. The resolution of the detector was 160 eV at 5.9 keV
energy. Measurements were taken under the same experimental conditions for 10800 s. The spectra were recorded using a
1024 channel analyser. To obtain the net pulse height spectra of the scattered y-rays, a background spectrum without the
scatterer was stripped from the spectrum acquired for an equal period of time under experimental conditions. High-purity
elemental powders of Ti, Ni, Zn, Se, Mo, Ru, Yb, Gd, Dy, W, and Pb (purity >99.9%), and Cd, Sn, and Te (purity > 99.5%) were
used as scatterers. The thicknesses of the powder elements ranged from 0.018 to 0.050 g/cm?. The target detector and target
source distances were set to 5 cm, and the targets had an area of 251 mm?. The scattering angle was 126° during the
experiment. Particle size correction was performed using the following equation:

— l-exp—(ud)
P = a (4
where p is the linear absorption coefficient (cm™) and d is the particle size (cm).
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Figure 1. The experimental setup
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Results and Discussion

The purpose of this research is to measure the Rayleigh scattering differential cross-sections of various materials. Table 1
displays the differential cross-sectional results for Rayleigh scattering, both theoretically and experimentally. Additionally,
Fig. 2 presents a graphical comparison of the experimental data with the predictions of the nonrelativistic (NRFF) (Hubbell et
al., 1975), relativistic (RFF) (Hubbell & O/Verbo, 1979), and relativistic modified form factor (RMFF) (Schaupp et al., 1983)
theories. Differential scattering cross sections systematically increase with increasing atomic number, as shown in Fig. 2. It
might be said that Rayleigh scattering becomes more prevalent as the atomic number rises since there are more electrons
that are tightly bonded to nuclei. The contribution of Rayleigh is minimal for small-Z targets. The experimental results
corresponded well with the predictions for all three formalisms in this region. The present experimental results, however,
are smaller than the predictions of the NRFF and RFF theories, but are in good agreement with those of the RMFF theory in
the high-Z zone. Furthermore, the findings highlight the significance of relativistic effects for high-Z components.
Furthermore, the validity range of the form factor approximation for the bound electron description of elastic photon
scattering is constrained (Kissel et al., 1980). In the total-atom form factor, the K shell predominates at bigger angles for this
energy. Since L and higher shells become more significant and the form factor at this energy more precisely predicts these
higher shells, the agreement between the experiment and predictions improves at smaller angles. For high-Z elements, the
experimental results deviate from the theory, confirming the importance of electron-binding effects in the measurements.
The experiment for Dy and Yb showed the largest difference between the predictions of the form factor approximation. This
is because the K edges of these elements are closest to 59.9 keV (53.8 keV for Dy and 61.3 keV for Yb). Dispersion effects
close to the K edges may be the cause of these anomalies. Previous studies have reported similar dispersion effects (Kissel
et al., 1980), (Nayak et al., 1992). Less than 1.06% of the evaluations of the photopeak area were incorrect. The scattering
angle precision is within +4%. The approximate estimate of inaccuracy in T was 2%.

Table 1. The experimental and theoretical differential cross sectios (b/sr).

Differential Cross section (b/sr)

Experimental Theoretical
Element NRFF RFF RMFF
Ti 0.038 0.051 0.051 0.048
Ni 0.072 0.088 0.080 0.074
Zn 0.085 0.105 0.092 0.085
Se 0.110 0.149 0.128 0.117
Mo 0.258 0.299 0.280 0.251
Ru 0.315 0.350 0.338 0.303
cd 0.433 0.463 0.478 0.425
Sn 0.522 0.525 0.556 0.493
Te 0.503 0.590 0.638 0.563
Gd 0.874 1.037 1.102 0.939
Dy 0.858 1.124 1.179 0.997
Yb 0.993 1.312 1.347 1.122
W 1.309 1.527 1.551 1.272
Pb 1.751 2.056 2.148 1.724
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Figure 2. The differential cross section versus atomic number.
Conclusion

For photon energies of less than 2 MeV, elastic photon scattering is dominated by Rayleigh scattering and the contribution
of bound atomic electrons to elastic photon scattering. Conversely, elastic scattering finds application in several experimental
fields, including imaging, medical diagnostics, and material research. Among the mechanisms (photoeffect, scattering, and
pair creation) principally responsible for attenuating thin beams of photons in matter is scattering, which plays a significant
role in the energy range above the photoeffect L-edge but less than 10 MeV. | have provided precise values of the Rayleigh
scattering differential cross sections for the elements Ti, Ni, Zn, Se, Mo, Ru, Cd, Sn, Te, Gd, Dy, Yb, W, and Pb in the current
study. The current experimental study supports the superiority of the RMFF theory. In the future, similar research could be
conducted using alternative approaches, energies, and scattering angles.
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