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Abstract: The mass attenuation coefficient (um), the mass energy absorption coefficient (pen/p), and kerma relative
to air were determined for some alloys, namely Feg.5 Cro.5, Feo.7Cro.3, Feg.s Cro.2, Feg.9Cro.1, Feo.2Nig.s, Feg.sNig.7,
FeosNigs, Feo.6Nig.a, Feo7Nig3, and Feg.gNig.2, at 17.44, 19.63, 22.10, 24.90, 32.06, 36.39, 37.26, 43.74, 44.48,
50.38, and 51.70 photon energies by using an HPGe detector with a resolution of 182 eV at 5.9 keV. The experimental
results of p,, were compared with the theoretical results. The theoretical values of pen/p were compared with the
semiempirical values. It was observed that kerma values relative to air values were different in Fe—Ce and Fe—Ni alloys

due to photoelectric cross sections depending on the atomic numbers of the material.
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1. Introduction
The application of stainless steel alloy in nuclear reactors, modern technology, archeology, and petroleum
plants prompts investigation of physical parameters such as the mass attenuation coefficients, the mass energy
absorption coefficients, kerma, total atomic and electronic cross-sections, and effective atomic and electron
numbers. The mass attenuation coefficient is an essential parameter for gamma ray interactions with the
material. The mass attenuation coefficient (p,,) is a measure of the average number of interactions between
incident photons and matter occurring in a given mass-per-unit area thickness of the substance encountered [1].

The mass energy absorption coefficients of materials are important in several applications of medical
physics, nuclear science, radiation physics, radiotherapy, irradiation technology, and radiation biology. The
absorbed dose in a medium is measured by the mass energy absorption coefficient (pen/p). The photon
energy transferred depends on the photon interaction process (photoelectric effect, Compton scattering, and
pair production). Thus, p.,/p is affected by atomic numbers of material and photon energy. Kerma (kinetic
energy released per unit mass) is defined as the initial kinetic energy of all secondary charged particles released
per unit mass at a point of interest by uncharged radiation. It is applicable to photons (X-ray, gamma ray,
bremsstrahlung, etc.) and neutrons. In the kerma approximation, the effects induced by photons in the chemical
content analysis are often scaled in terms of the absorbed dose (collision kerma).

Various researchers have calculated and measured mass attenuation coefficients and mass energy absorp-
tion coefficients. Han and Demir investigated mass attenuation coefficients, and effective atomic and electron

numbers of Ti and Ni alloys [2]. Saim et al. investigated mass attenuation coefficients, and effective atomic
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and electronic numbers of Cd;_, Zn, Te alloys in the gamma ray energy region from 10 to 100 keV [3]. The
mass attenuation coefficients for 22 high purity elemental materials were measured in the X-ray energy obtained
by a variable energy X-ray source range from 13 keV to 50 keV using a high purity germanium detector [4].
Onder et al. obtained mass attenuation coefficients, effective atomic numbers, and electron densities for TLD
compounds [5]. Parthasaradhi et al. determined mass attenuation coefficients of tissue equivalent samples in
the energy range of 13—44 keV [6]. Manjunathaguru and Umesh determined effective atomic numbers of sev-
eral biologically important compounds [7]. Akkurt obtained effective atomic numbers for Fe-Mn alloy using a
transmission experiment [8].

Hubbell calculated pn,/p theoretically for elements and compounds from 1 keV to 20 MeV [9]. Singh et al.
investigated energy absorption coefficients for 662 keV gamma rays in some compounds [10]. Seltzer calculated
the mass energy-transfer and mass energy absorption coefficients for 1 keV to 100 MeV [11]. The photon energy
absorption coefficients of complex molecules such as carbohydrates, proteins, lipids, and vitamins in energy
of 200-1500 keV were investigated by Manjunathaguru and Umesh [12]. The energy absorption coefficients
in some fatty acids were studied in energy of 662 and 1115 keV by Bhandal et al. [13]. The mass energy
absorption coefficients and mass collision stopping powers for electrons in tumors were studied [14]. Shakhreet
et al. measured pe,/p of paraffin, wax, and gypsum at 662 keV photon energy [15]. Kerma and air kerma are
important in radiographic images for image quality. Gogalves et al. investigated the effects of aluminum—copper
alloy filtration on photon spectra by air kerma rate [16].

In the present work, mass attenuation coefficients were measured for Feq 5Crg.5, Feg.7Crg.3, Feg.gCrg.2,
Feg.9Cro.1, FegoNigg, Feg.sNig7, FegsNigs, FeggNiga, Feg.rNig3, and FeggNigo alloys at 17.44, 19.63,
22.10, 24.90, 32.06, 36.39, 37.26, 43.74, 44.48, 50.38, and 51.70 photon energies by using an HPGe detector with
a resolution of 182 eV at 5.9 keV. The values of ., /p were taken from the compilation of Hubbell and Seltzer
[17]. Moreover, the mass energy absorption coefficients were calculated using a semiempirical approximation

for the low energy region. The kerma relative to air was computed and reported in the present work.

2. Theoretical background and computational method

The mass attenuation coefficients for materials can be determined by radiation transmission method according

to Lambert—Beer’s law:
I = Iyexp[—pimt], (1)

where ji,, is the mass attenuation coefficient (cm? /g), Iy is incident photon intensity, I is attenuated photon
intensity, and ¢ is the mass thickness of the material. The theoretical u,, values for the present alloys were
obtained by the WinXCom code [18]. This program depends on the use of the mixture rule to calculate the
partial and total mass attenuation coefficients for all elements, compounds, and mixtures at standard as well
as selected energies.

The mass energy absorption coefficient is the amount of incident photon energy transferred to kinetic
energy changed particles by gamma ray interaction [19]. The mass energy absorption coefficient (uen/p) is
defined by ¥ (J m~2). V¥ is the energy fluence of monoenergetic photons passing normally through an area

Ain an absorber. Moreover, kerma is the energy transferred to charged particles in a volume. Kerma is

VApend Hen
K=——"—=Y 2
pAdzx < P ) ®
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Therefore, kerma is the product of the energy fluence and the mass energy absorption coefficient. Kerma of an
alloy relative to air can be expressed as
(Hen/P) atioy K atioy

Ko = (.uen/p)Air N K air (3)

In order to compute kerma relative to air, the values of mass energy absorption coefficients of air and alloys

were calculated using the following equation:
Hen Hen
= Wy ) (4)
p zl: ' < p >z

where w; and (uen/p), are the weight fraction and the mass energy absorption coefficient of the ith constituent

element present in a material.

3. Experimental details

The experimental setup used in the present study is shown in Figure 1. The source—sample and sample—detector
distances were set to 30 mm and 30 mm, respectively. Sharanabasappa et al. suggested the transmission range
0.5 > T > 0.02 for HPGe detectors [20]. A variable energy X-ray source from Amersham (AMC.2084) was
used in order to irradiate the alloys at energies of 17.44, 19.63, 22.10, 24.90, 32.06, 36.39, 37.26, 43.74, 44.48,
50.38, and 51.70 keV. This source contains a sealed ceramic primary source, 24 Am (intensity of 10 mCi), that
excites characteristic X-rays from 6 different targets (Cu, Rb, Mo, Ag, Ba, and Tb) in turn (Figure 2). Photon
intensities were measured using the HPGe detector. The HPGe detector is a DSG planar high purity germanium
crystal with a diameter of 16 mm, a length of 10 mm, a beryllium window of 0.12 mm, and an active area of

200 mm?2. A bias voltage of ~1500 V was applied to the detector with a resolution of 182 eV at 5.9 keV.

Source

Pb shield Pb shield

HPGe detector

Figure 1. Experimental setup.

The spectra were recorded using by a Canberra (AccuSpec) PC-based multichannel analyzer card. The
time constant of the Ortec model 472 amplifier was set to 6 us, ensuring optimum detector performance

as specified by the manufacturer. Operating parameters of the system were governed and controlled by the
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computer program Genie-2000. The pulse height spectra of X-rays were acquired for a period of 300-900 s.
Background correction was applied to the data collected in 1024 channel of the MCA.

Sealed annular Rotary target holder

primary source (6 targets)

X-ray aperture

Target

23 mm

A . 37 mmeemeees

Figure 2. Variable energy X-ray source.

4. Results and discussion
The experimental and theoretical results of the mass attenuation coefficients () for various compositions of
Fe,Cri_, and Fe, Ni;_, alloys are tabulated in Table 1. It is evident that the measured values of this parameter
were in good agreement with those obtained theoretically. In addition, ., depends on the photon energy and
the concentration of 3d elements in Fe alloys. There are differences in mass attenuation coeflicients for different
alloy compositions. The pu,, values for alloys decrease with increasing photon energy. Theoretical calculations
performed by WinXCom do not take into account molecular effects, solid-state effects, and interactions between
atoms, the photoelectron, and the positively charged ion. This is the reason for the error in the theoretical
results. The overall error in the experimental parameters is the sum of the uncertainties in different factors,
namely, the evaluation of peak areas (2.12%-4.20%), target mass thickness (1.45%-3.20%), and statistical error
(<1.00%). Total errors affecting the experimental parameters are 2.76%-5.37%. The errors in the elimination
of the background and in the peak fitting procedures are the reason for the error in the experimental results.
The theoretical values of e, /p were calculated by using the mass energy absorption coefficients taken
from the compilation of Hubbell and Seltzer [17]. The results are listed in Table 2. Furthermore, the semiempir-
ical approximation was made to e, /p. Manjunathaguru and Umesh have given the simple parameterization
of photon mass energy absorption coefficients of samples of biological interest in the high energy region [12].
This empirical formula was used in our previous study [21], but it is not appropriate for composites containing
high Z elements and in the low energy region (17.44-51.70 keV). In the low energy region, the mass energy
absorption coefficients are related to the mass attenuation coefficients by the following semiempirical relation:

fien/p = (11/p) [0.73509 + (0.17394) /(1 + exp (In E — 3.55427) /0.08471)] (5)

The correlation coefficient is 0.998 for this semiempirical formula. The values calculated using the semiempirical
expression given are also given in Table 2. It is clear that the present calculated results are in general agreement

84



YILMAZ et al./Turk J Phys

91°'¢ 800 F61°¢C GL'T 700 * €€°T 1.1 700 F9T'T 891 G600 *¢cT'l 09'1T 700 F €9°T 0L°TS
CcE'C 80°0 *¢I'C 8]'T G0°0 * 69T 78T G0°0 * 99T 08T 90°0 * 74T L1 G0°0 * .91 8¢ 09
8CG'€ | VIO F6LE ¥9°C 90'0 *8T'C 69°C | L00 FTIT'C €9°C | 600 *6I'C 17'e 90'0 *¢C'c I Ad%
€V'e IT0 * 60°€ LL'C 60°0 * G6°'C 1.°C 60°0 * LLC 99°¢ IT°0 * 8L°¢C €4°C 900 * ¥€'¢ VL€V
8¢'¢ 0c'0 * 219G VEV | ¢TI0 F €0V ¥ev | vI'0 FVET STV | LTO *¥P¥ 96°¢ IT°0 * 16°€ 9¢'LE
gL'g 81T°0 * c¢l'¢ €9F VI'0 * 167 €ay ¢1°0 * 8LV vy 61°0 867 €T €10 * 997 6€°9¢
CC'8 | CE0 FLL'S €99 810 * €29 87’9 | 0¢0 *1¢'9 ¥€9 | LTO F689 G609 | S8T0 *479 90°¢€
08°9T | 690 * PP 9T | 09°€T | LE'0 * L9°CT | 0€€T | OP'0 * 99°CT | O0'€T | V0 * IT'Cl | OF'¢l | TE€0 * GT'TT 06'¥¢
OV'€C | 9L°0 *¢¢'I¢ | 00°6T | G50 * 00°6T | 09'8T | 96°0 F ¥¥'AT | OC'ST | 9L°0 * 9€°61 | OV'AT | LV'0 * ¥6°91 0T°2¢
06°cE | €T'T F6V'I1€ | 09°9C | €L'0 FFE€SC | 06°SC | LL'O FTICVC | OV'SC | LOT * €€°LC | 0E¥C | €90 F ¥E€'CC €961
OT'Sy | 69T = €CVP | 06'9€ | 66°0 F ¢&'PE | 01T°9€ | €T'T F PP'GE | 0€°GE | €€'T *¢CVE€ | O08°EE | 160 * TT'EE VLl
091 ], dxg | ooy, dxrq | ooy, dxqy | ooy, “dxqy | ooy, “dxry (A9Y)
w.ﬁZm.o@h H.OHOQ.CQH._” N.OMOw.oﬁm m.chn.cwﬁ._” m,.c.HOm.cwﬁ._” %MHQQM

sAo[y

‘sfo[re *-TIN "o pue “-1I) ¥oq 10§ (8/,wd ) SHUSIOJe0D UOIpRNUS)IR SSeW oY, T O[qRL

85



YILMAZ et al./Turk J Phys

88T ¥0'0 * G¥'1 €61 G0'0 =291 86T 07’0 * G8'T ¢0'¢ 600 * 98T ¢l'c 0T'0 = LT'¢C 0L'TG
c0'c 20°0 *499°¢C 20°¢C 200 FCC'C ¢l'e €1°0 *R8E'C LT'C ST°0 *86°C LCC | €1°0 86 'C 8¢ 09
¥8'C 90'0 *¢c'¢c ¢6°'C 60'0 * 66'C 66°C GT'0 * 68°C 90°¢ LT°0 * LV'E 0c'e GT'0 = €€°¢ SV Vv
86°C 90'0 = IT'C G0'¢ ¢r'o = LL°¢ €1'e 020 *19¢ 1¢°¢ 61°0 *8L°€ 9¢'¢ 8T'0 * 66°¢ VL€V
L9V ¥I'0 * 16’V 6LV ¥I'0 * 9491y 06V ¢c’0 #¢l'v ¢c0'¢ 9¢'0 * ¥¢'¢ 9¢'¢ €¢'0 *8T'G 9¢'LE
667 VI'0 =297 179 91'0 * ¢c'S V¢S 60 * 9¥'¢ LE°S 9¢'0 * 1¢'S c9'¢ 9¢'0 * 669 6¢°9¢
el'.L ¢c'0 * Gyl 1¢°L €c'0 =994 67°'L I7'0 * L9°L 89°L 660 *76°L 70'8 96’0 * €C'8 90°¢¢
09F%T | 8€'0 *¢I'€T | 06'FT | TF'0 * PEET | 0€ST | 640 * LLPT | OL'GT | T80 *99°9T | OF'9T | 9L°0 * 9T'LT 06'7¢
07'0¢ | ¢9°0 *v¢'1¢c | 06°0¢ | 990 = ¢¢'Ic | OV'IC | OT'T *6¥'0C | 06'T¢ | O0'T = ¥€'0C | 06'¢C | 96°0 * LL'1C 0T'¢c
07'8¢ | 180 * 6L°AC | 016G | 98°'0 F 68°AC | 08°6¢ | 8S'T * 69°6¢ | 09°0€ | SV'T *99'6¢ | 06°1€ | P€'T * GE€'0€ €961
06°6E | ST'T #4940V | OFV'0F | 6T * 99TV | OV'I¥V | €€'C FFEEY | 08¢V | 9T'C *66°€Y | OT'F¥ | 66'T * €€°C¥ Vv LT
09T, dxry | ooy, ‘dxff | ooy, ‘dxfg | ooy, dxry | ooy, dxrg A >®v©
N.OMZw.owﬁﬁ m.oﬂZh.oom ﬁ.oﬁz.@‘oﬁm m‘OMZm.owm N.OMZm.owﬁﬁ \mw.ﬂwﬁm

sAo[y

‘penuruo)) ‘T S[qEL

86



YILMAZ et al./Turk J Phys

with the values calculated by the semiempirical expression. It is also clear from Table 2 that the mass energy

absorption coefficients depend on the photon energy and chemical content.

Table 2. The mass energy absorption coefficients (¢en/p. cm2/g) for Fe, Cri-, and Fe,Ni;_, alloys.

Alloys
Energy | Feg.5Cro.5 Feg.7Cro.3 Feg.sCro.2 Fe,9Cro.1 Feg.oNig g
(keV) Semiemp. | Theo. | Semiemp. | Theo. | Semiemp. | Theo. | Semiemp. | Theo. | Semiemp. | Theo.
17.44 30.72 30.18 | 32.09 31.27 | 32.81 31.81 | 33.54 32.34 | 41.00 37.79
19.63 22.08 22.03 | 23.08 22.86 | 23.54 23.26 | 24.08 23.67 | 29.54 27.72
22.10 15.71 15.93 | 16.44 16.57 | 16.80 16.89 | 17.17 17.20 | 21.07 20.21
24.90 11.23 11.34 | 11.78 11.84 | 12.05 12.09 | 12.32 12.33 | 15.22 14.60
32.06 5.22 5.18 5.47 5.48 5.59 5.62 5.72 5.76 7.09 7.15
36.39 3.39 341 3.55 3.62 3.63 3.72 3.71 3.82 4.61 4.95
37.26 3.13 3.15 3.28 3.35 3.35 3.44 3.43 3.54 4.25 4.62
43.74 1.89 1.87 1.98 1.99 2.02 2.04 2.07 2.10 2.56 2.89
44.48 1.79 1.78 1.88 1.89 1.93 1.94 1.97 1.99 2.44 2.75
50.38 1.27 1.27 1.33 1.32 1.36 1.35 1.39 1.38 1.71 1.92
51.70 1.18 1.19 1.24 1.25 1.26 1.27 1.29 1.30 1.59 1.78
Table 2. Continued.
Alloys
Energy | Fep.3Nig.7 Feo.5Nig.5 Feo.6Nip.4 Feq.7Nig. 3 Feg.gNip.2
(keV) Semiemp. | Theo. | Semiemp. | Theo. | Semiemp. | Theo. | Semiemp. | Theo. | Semiemp. | Theo.
17.44 40.09 37.20 | 38.45 35.99 | 37.63 35.38 | 36.72 34.76 | 35.90 34.13
19.63 28.99 27.28 | 27.72 26.38 | 27.08 25.93 | 26.45 25.47 | 25.81 25.00
22.10 20.62 19.88 | 19.71 19.22 | 19.26 18.88 | 18.80 18.54 | 18.35 18.20
24.90 14.86 14.35 | 14.22 13.86 | 13.86 13.60 | 13.50 13.35 | 13.23 13.09
32.06 6.94 7.00 6.63 6.69 6.46 6.54 6.31 6.38 6.15 6.22
36.39 4.51 4.83 4.31 4.57 4.20 4.45 4.10 4.32 4.00 4.19
37.26 4.16 4.50 3.97 4.26 3.88 4.13 3.79 4.01 3.69 3.89
43.74 2.51 2.80 2.40 2.62 2.34 2.53 2.28 2.43 2.22 2.34
44.48 2.38 2.67 2.28 2.49 2.23 2.40 2.17 2.31 2.11 2.22
50.38 1.67 1.86 1.60 1.73 1.56 1.67 1.53 1.60 1.49 1.54
51.70 1.56 1.72 1.49 1.61 1.46 1.55 1.42 1.50 1.39 1.44

The energy dependence of kerma relative to air is shown in Table 3. It is clearly seen that kerma depends
on the chemical content. However, there is a large variation in kerma for Fe alloys containing Cr and Ni. Kerma
values for Fe,Cr,_, and Fe,Ni;_, alloys increase with increasing photon energy until 32.06 and 36.39 keV,
respectively. Later, kerma values decrease with increasing photon energy. The reason for such variation in
kerma is the photoelectric cross section proportional to Z4=°.

The contribution of coherent (Rayleigh) scattering, incoherent (Compton) scattering, and the photoelec-
tric process to total photon interaction can be verified using XCOM software for some alloys. As seen from Table
4, Compton scattering contributes about 6.35% to total interaction at 51.70 keV, whereas coherent scattering
contributes only 6.11% and the photoelectric process about 87.54% for FegoNigg. The contributions to total
photon interaction depend on the concentration of 3d metals as seen from Table 4.
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5. Conclusions

This experimental study was undertaken to obtain information on iy, tten/p and kerma for Fe,Cr;_, and

Fe,Nij_, alloys. The results show that pu,, is a useful and sensitive physical quantity to determine the pe,/p

for alloys. Values of fi,, ften /p and kerma depend on the photon energy and chemical content of the investigated

alloys. The photon interaction parameters should also be investigated to confirm the applicability of the mixture

rule at different energies. fim,, tten/p and kerma at high energies must be investigated since Fe, Cry_, and

Fe,Ni;_, alloys have large-scale usage in the technology of stainless steel production, nuclear science, and

geosciences.
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