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Total, whole-atom, individual and integrated Compton scattering cross sections and Compton energy absorption
scattering cross sections are evaluated for light elements, such as, H, C, N, O, P, and Ca, with relativistic impulse
approximation methods. Most of the phantom materials composed of these elements, which are the basic con-
stituents of biological soft-tissue and attenuation through them, provides potential source of information.
Compton scattering cross-sections for few biological materials, such as, HO, CaH4, CgHg, CsHgOg, CcH11NO,
C16H1403, Cs5H10206, [Caz(PO4)]3Ca (OH), of medical interest, have been evaluated with the use of double
differential scattering cross-section based on impulse approximation. Utilized these values to evaluate the

Compton energy absorption cross sections and Compton component of mass energy absorption coefficients (em?/
g) in the energy region from 0.005 to 10 MeV. The derived results are compared with the theoretical tabulations.

1. Introduction

Compton scattering cross-sections, energy absorption cross sections
and the Compton component of the mass energy absorption coefficient
are extensively used in the field of radiological sciences (Hubbell et al.,
1975; Hubbell, 1977; Hubbell, 1982; Cesareo et al., 1992; Hubbell,
1999; Hubbell, 2006). One particular area of interest is in Monte Carlo
simulation of photon transport in applications of medical physics (Boone
and Chavez, 1996). In other fields such as nuclear power plant shielding,
health physics and industrial irradiation and monitoring, and in x-ray
crystallography. In dosimetry calculations, use is frequently made of the
Compton energy absorption cross section per electron (cep), which ex-
presses the probability of transfer of energy from a photon to an electron
by the Compton process. It is equal to the total Compton scattering cross
section per electron (o1¢) times the fraction (f) of photon energy, which
is converted to kinetic energy of the recoil electrons in a single collision,
averaged over all directions of electron recoil (6¢, = o1¢ X f). Since the
range of the recoil electron is small, the Compton energy absorption
cross section per electron is a measure of the total energy communicated
locally to the absorbing medium by the Compton process (Seltzer, 1993;
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Rao et al., 2002a,b). Majority of the light elements, such as, H, C, N, O,
and P, constitute the soft-tissue. Double differential scattering cross
sections are evaluated for the above light elements. Utilized these values
to derive the Compton energy absorption cross sections and Compton
component of mass energy absorption coefficients (cm?/g) in the energy
region from 0.005 to 10 MeV (Rao, 2000; Rao et al. 2003; Rao et al.,
2004a,b). The mass attenuation coefficient in which the dependence on
the density has been removed. It can be obtained as the sum of the
different types of possible interactions of photons with atoms of the
material (Rao et al., 2002a, b; 2007). These papers covers, energy and
geometrical broadening, FWHM of J (p,) and FWHM of Compton
broadening, estimated for a number of Ka x-ray energies and for 59.64
keV(Am-241) y-photons. The interaction of photons below 1 MeV,
through various processes (Compton, Rayleigh and atomic photoeffect)
may be interesting to know more about the fundamental radiation in-
teractions from biological materials, many of them contain the elements
of the soft tissue; the data may be used for comparison and compilation
purposes. Also covered the, Compton component of the mass-energy
absorption coefficient, derived for individual elements and overall mo-
mentum resolution for experimental interest. Further estimated the
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Table 1

Name of the material, density and Chemical formula.
Name p (g/cm3) Chemical formula Nap M Nap/M
Water 1.00 H;0 6.02E+23 18.02 33.4E+21
Nylon 1.15 CgH;1NO 6.93E+23 113.16 6.12E+21
Polyethylene 0.92 CoHy 5.54E+23 28.05 19.8E+21
Lucite 1.19 CsHgO4 7.17E+23 100.12 7.16E+21
Polystyrene 1.05 CgHg 6.32E+23 104.15 6.07E+21
Polycarbonate 1.20 C16H1403 7.23E+23 254.28 2.84E+21
Fat(Adipose tissue) 0.95 Cs5H10206 5.72E+23 859.42 0.67E+21
Bone 1.85 HgO26PsCag 11.1E+23 943.29 1.18E+21
Calcium hydroxyapatite 2.74 [Ca3(PO4)2]13Ca (OH), 16.5E+23 1004.64 1.64E+21

Nj = 6.023 x 1023 atoms/mole, M = Molecular weight.

Table 2

Whole-atom Compton scattering cross-sections (b/atom) for H, C, N, O, P, and
Ca in the energy region from 0.005 to 10 MeV using the tabulated values of Biggs
et al. (1975).

Table 3
Compton energy absorption cross-sections (b/atom) for H, C, N, O, P and Ca in
the energy region from 0.005 to 10 MeV using the tabulated values of Biggs et al.
(1975).

Energy (MeV) H C N o P Ca Energy (MeV) H C N o P Ca

0.0050 0.4065 2.3492 2.2780 2.6514 2.7770 2.9569 0.0050 0.0051 0.0243 0.0292 0.0347 0.0518 0.0560
0.0060 0.5078 2.4737 2.5252 2.915 3.2901 3.6127 0.0060 0.0065 0.0305 0.0362 0.0423 0.0664 0.0743
0.0080 0.5529 2.6848 2.8836 3.3012 4.3462 4.7094 0.0080 0.0091 0.0433 0.0505 0.0583 0.0980 0.1125
0.0100 0.5761 2.8532 3.1325 3.5708 5.0801 5.6974 0.0100 0.0115 0.0564 0.0653 0.0746 0.1252 0.1513
0.0150 0.5965 3.1314 3.5144 3.9795 6.2281 7.4983 0.0150 0.0172 0.0889 0.1022 0.1158 0.1986 0.2474
0.0200 0.6009 3.2744 3.7124 4.1964 6.8751 8.4583 0.0200 0.0224 0.1195 0.1376 0.1557 0.2700 0.3402
0.0300 0.5871 3.3561 3.8522 4.3634 7.4697 9.3904 0.0300 0.0316 0.1744 0.2015 0.2282 0.4027 0.5128
0.0400 0.5783 3.3343 3.8443 4.3700 7.6555 9.8348 0.0400 0.0394 0.2212 0.2561 0.2907 0.5203 0.6645
0.0500 0.5515 3.2709 3.7910 4.3136 7.6642 9.8289 0.0500 0.0461 0.2610 0.3028 0.3441 0.6218 0.8011
0.0600 0.5416 3.2056 3.7197 4.2359 7.6103 9.8827 0.0600 0.0518 0.2950 0.3426 0.3898 0.7098 0.9182
0.0800 0.5179 3.0635 3.5621 4.0614 7.4069 9.7364 0.0800 0.0608 0.3490 0.4059 0.4624 0.8507 1.1074
0.1000 0.4867 2.9274 3.4096 3.8907 7.1523 9.3395 0.1000 0.0675 0.3886 0.4523 0.5157 0.9547 1.2480
0.1500 0.4542 2.6555 3.0893 3.5260 6.2755 8.7812 0.1500 0.0773 0.4467 0.5205 0.5939 1.1084 1.4574
0.2000 0.4074 2.4332 2.8351 3.2380 6.0289 8.0117 0.2000 0.0812 0.4706 0.5486 0.6268 1.1729 1.5466
0.3000 0.3555 2.1183 2.4693 2.8211 5.2699 7.0282 0.3000 0.0816 0.4734 0.5520 0.6304 1.1843 1.5658
0.4000 0.3147 1.8964 2.2131 2.5291 4.7298 6.2747 0.4000 0.0782 0.4538 0.5293 0.6045 1.1372 1.5052
0.5000 0.2903 1.7342 2.0222 2.3106 4.3266 5.7757 0.5000 0.0738 0.4286 0.4999 0.5710 1.0749 1.4237
0.6000 0.2674 1.6036 1.8707 2.1378 4.0031 5.3347 0.6000 0.0694 0.4032 0.4703 0.5272 1.0118 1.3405
0.8000 0.2347 1.4087 1.6434 1.8781 3.5182 4.6868 0.8000 0.0616 0.3577 0.4172 0.4766 0.8981 1.1907
1.0000 0.2114 1.2667 1.4775 1.6885 3.1416 4.2215 1.0000 0.0552 0.3204 0.3738 0.4270 0.8049 1.0671
1.5000 0.1714 1.0288 1.2003 1.3717 2.5712 3.4272 1.5000 0.0438 0.2543 0.2966 0.3389 0.6391 0.8474
2.0000 0.1463 0.8776 1.0239 1.1702 2.1937 2.9237 2.0000 0.0364 0.2115 0.2468 0.2819 0.5316 0.7051
3.0000 0.1150 0.6902 0.8052 0.9202 1.7252 2.3003 3.0000 0.0275 0.1595 0.1860 0.2126 0.4009 0.5321
4.0000 0.0959 0.5755 0.6714 0.7674 1.4386 1.9182 4.0000 0.0221 0.1287 0.1502 0.1716 0.3236 0.4293
5.0000 0.0828 0.4969 0.5797 0.6625 1.2422 1.6561 5.0000 0.0186 0.1083 0.1263 0.1443 0.2722 0.3614
6.0000 0.0732 0.4391 0.5122 0.5858 1.0977 1.4637 6.0000 0.0161 0.0936 0.1092 0.1248 0.2354 0.3124
8.0000 0.0598 0.3591 0.4189 0.4786 0.8976 1.1968 8.0000 0.0127 0.0246 0.0863 0.0986 0.1860 0.2466
10.0000 0.0509 0.3057 0.3566 0.4076 0.7642 1.0190 10.0000 0.0105 0.0613 0.0715 0.0816 0.1541 0.2046

Compton broadening using the nonrelativistic formula for few x-ray
energies and for 59.64 keV photons in the angular region 1° to 180° (Rao
et al., 1999; Rao et al., 2004a,b).

It is interesting to estimate these cross sections by means of double
differential scattering cross section based on impulse approximations.
Impulse approximation refers to the recoil electron after momentum
(Cooper, 1985). The approximation can be justified by the impulse na-
ture of the Compton scattering process. Useful fast sampling algorithm
for the simulation of Compton scattering for the unpolarised photons has
developed and updated from time to time with inclusion of new
computational methods (Brusa et al., 1996). Extensive experimental
studies, related to inelastic x-ray and y-ray scattering are reviewed,
highlighting the importance of the data based on impulse approximation
(Kane, 1997; Kane, 2006). Further, total Compton scattering cross sec-
tions and incoherent scattering factors for bound electron states of low,
medim and high-Z elements have been evaluated with relativistic im-
pulse approximation (Stutz, 2014). Earlier, widely available tabulations
are non-relativistic calculations. The approaches uses, fully relativistic
Klein-Nishina cross section together with a non-relativistic evaluation of
incoherent scattering function. Since, many effects of the interaction of
radiations with atoms depend on the so-called incoherent scattering

function (Grodstein, 1957). Fully, relativistic treatment, based on im-
pulse approximation with simple mathematical routines is useful to
generate the concrete data. Scattering cross sections differential are
derived in the relativistic impulse approximation for the light elements
to assess the energy-broadening of Compton scattered photons. The
energy broadening of the scattered photons reflects the momentum
distribution of the target electrons. It increases with both increasing
atomic number of the scatterer and with scattering angle (Carlsson et al.,
1982; Ribberfors and Carlsson, 1985). It reflects, the evaluated
double-differential cross sections, based on impulse approximation, can
be used to simplify the calculations of Compton component of the
mass-energy absorption coefficient. Very recently, impulse
approximation-based, Compton scattering cross sections and photon
attenuation coefficients used in kV dosimetry are reported. These values
and the corresponding theoretical tabulations are generated with the use
of python script' and focused on atomic and molecular orbital calcula-
tions (Wang et al., 2020). If the electrons are in motion, as we know to be
the case, there is a Doppler effect related to the projected velocities of
the electrons. Relativistic impulse approximation based double differ-
ential scattering cross section includes binding effects and Doppler
broadening. It leads to corrections to mass energy-absorption
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Table 4

Whole-atom total Compton scattering cross-sections (b/atom) for the biological materials in the energy region from 0.005 to 10 MeV using the tabulated values of Biggs

et al. (1975).
Energy (MeV) H;O CeH;11NO CoHy CsHgO4 CgHg C16H1403 Cs5H10206 Hg0,6P9CA¢ [Ca(3PO4)2]3 Ca(OH),
0.005 3.4644 23.4961 6.3244 20.3008 22.0456 51.2324 186.5774 114.9228 115.9804
0.006 3.9306 25.8682 6.9786 22.2609 23.852 55.4334 205.3391 131.1395 132.6732
0.008 4.4070 28.3755 7.5812 24.4496 25.9016 60.601 223.867 157.6266 160.1082
0.01 4.7203 30.1596 8.0108 26.0164 27.4344 64.429 237.113 177.3549 181.4476
0.015 5.1725 32.8438 8.6488 28.388 29.8232 70.3919 256.947 209.2817 217.0116
0.02 5.3982 34.1651 8.9524 29.572 31.0024 73.3922 266.5622 226.5393 236.1418
0.03 5.5376 34.8103 9.0606 30.2041 31.5456 75.0072 270.6501 241.7149 253.3448
0.04 5.5266 34.5814 8.9818 30.0379 31.3008 74.555 268.5931 246.1547 259.0576
0.05 5.4166 33.7965 8.7478 29.3937 30.5792 72.9962 262.0341 244.5168 257.5308
0.06 5.3191 33.1468 8.5776 28.8326 29.9776 71.5797 256.9666 242.2551 255.7054
0.08 5.0972 31.7014 8.1986 27.5835 28.6512 68.4508 245.6867 234.8201 248.4376
0.1 4.8641 30.2184 7.8016 26.312 27.3128 65.3243 233.9946 225.4595 238.4404
0.15 4.4344 27.5445 7.1278 23.9631 24.8776 59.4248 213.5369 204.4763 218.0494
0.2 4.0528 25.1537 6.496 21.9012 22.7248 54.3488 194.8088 189.7775 201.2932
0.3 3.5321 21.9107 5.6586 19.0777 19.7904 47.3331 169.6941 165.7909 175.961
0.4 3.1585 19.5823 5.0516 17.0578 17.6888 42.3355 151.576 148.4906 157.5118
0.5 2.8912 17.9313 4.6296 15.6146 16.196 38.7432 138.8552 135.9916 144.3728
0.6 2.6726 16.5715 4.2768 14.4328 14.968 35.8146 128.2996 125.7581 133.4832
0.8 2.3475 14.5554 3.7562 12.6773 13.1472 31.4593 112.6865 110.4928 117.2772
1 2.1113 13.0916 3.379 11.4017 11.8248 28.2923 101.3623 99.1956 105.3884
1.5 1.7145 10.6302 2.7432 9.2586 9.6016 22.9755 82.2970 80.7394 85.7062
2 1.4628 9.0692 2.3404 7.8988 8.1912 19.6004 70.2118 68.8811 73.1170
3 1.1502 7.1316 1.8404 6.2114 6.4416 15.4138 55.2122 54.1738 57.5094
4 0.9592 5.9467 1.5346 5.1795 5.3712 12.8528 46.0387 45.1762 47.9578
5 0.8281 5.1344 1.3250 4.4719 4.6376 11.0971 39.7501 39.0038 41.4048
6 0.7322 4.5378 1.1712 3.9527 4.0984 9.8078 35.1317 34.4779 36.6004
8 0.5982 3.7099 0.9574 3.2311 3.3512 8.0186 28.7217 28.1812 29.9168
10 0.5094 3.1583 0.8150 2.7509 2.8528 6.8266 24.4509 23.9966 25.4746

Table 5

Whole-atom total Compton scattering cross-sections (b/atom) for the biological materials in the energy region from 0.005 to 10 MeV using the tabulated values of
Storm and Israel (1970).

Energy (MeV) HyO0 CeH11NO CoHy CsHgO2 CgHg Ci16H1403 Cs5H10206 HgO26PoCag [Ca3(PO4)2]3 Ca (OH),
0.005 3.3500 22.7350 6.2400 19.2100 20.8400 47.6100 181.4000 123.3900 127.8300
0.006 3.7540 24.9070 6.7680 21.1460 22.6960 52.2780 197.7040 140.1060 145.4740
0.008 4.3040 27.6920 7.4280 23.6860 25.0560 58.3680 218.4540 165.4060 172.2640
0.010 4.6360 29.5480 7.8720 25.3640 26.7040 62.5320 232.3360 183.0840 190.8560
0.015 5.0880 32.1990 8.4960 27.7620 29.1120 68.6160 251.9880 210.9420 220.4380
0.020 5.3120 33.5560 8.8040 28.9980 30.3680 71.8240 261.8620 226.6480 237.5320
0.030 5.4740 34.4020 8.9680 29.8160 31.1360 73.9580 267.6240 240.7760 253.2640
0.040 5.4620 34.2560 8.9040 29.7280 31.0080 73.7940 266.1120 244.4680 257.6320
0.050 5.3880 33.6790 8.7360 29.2620 30.4720 72.6360 261.3880 243.9820 257.4380
0.060 5.3080 33.1340 8.5960 28.7820 29.9520 71.3960 257.1580 241.4920 255.0080
0.080 5.0720 31.5660 8.1640 27.4580 28.5280 68.1440 244.6220 233.8180 247.3120
0.100 4.8640 30.2120 7.8080 26.2960 27.2960 65.2480 234.0640 225.3260 238.5440
0.150 4.4060 27.3730 7.0720 23.8340 24.7440 59.1620 212.0560 205.6740 217.9860
0.200 4.0420 25.1060 6.4840 21.8580 22.6880 54.2540 194.4420 189.3480 200.8120
0.300 3.5260 21.8930 5.6520 19.0640 19.7840 47.3220 169.5260 165.5740 175.6460
0.400 3.1640 19.6270 5.0680 17.0960 17.7360 42.4280 152.0140 148.6860 157.7940
0.500 2.8880 17.8890 4.6160 15.5820 16.1520 38.6560 138.4880 135.8120 144.1580
0.600 2.6740 16.5470 4.2680 14.4160 14.9360 35.7580 128.0740 125.7560 133.4740
0.800 2.3500 14.5650 3.7600 12.6900 13.1600 31.4900 112.8000 110.5800 117.3700
1.000 2.1120 13.1110 3.3840 11.4180 11.8480 28.3440 101.5120 99.3880 105.5220
1.500 1.7140 10.6420 2.7480 9.2660 9.6160 22.9980 82.4140 80.7060 85.6840
2.000 1.4620 9.0640 2.3400 7.8980 8.1920 19.6020 70.2020 68.8780 73.1520
3.000 1.1510 7.1310 1.8400 6.2120 6.4400 15.4130 55.2060 54.2360 57.5560
4.000 0.9620 5.9610 1.5380 5.1930 5.3840 12.8860 46.1470 45.2680 48.0520
5.000 0.8310 5.1480 1.3280 4.4840 4.6480 11.1250 39.8460 39.1640 41.5560
6.000 0.7330 4.5500 1.1740 3.9630 4.1120 9.8390 35.2230 34.5660 36.7080
8.000 0.6000 3.7200 0.9600 3.2400 3.3600 8.0400 28.8000 28.2690 30.0060
10.000 0.5110 3.1700 0.8180 2.7610 2.8640 6.8530 24.5410 24.0650 25.5380

coefficients, up to few percent for low-z elements of dosimetric interest,
in particular for molecular orbitals.

Various theoretical models for describing Compton scattering have
been developed, to compare the energy and angular distribution of the
scattered photons (Salvat and Fernandez-Varea, 2009; Salvat et al;
Namito et al., 1994; Brown et al., 2014). Relativistic impulse

approximation expression for Compton-scattering double differential
cross sections and characterization of relativistic contributions at
low-momentum- transfer non-relativistic limit was studied extensively
and recovered the corresponding relativistic expression at low mo-
mentum transfer (LaJohn, 2010). There are major differences between
the compared models especially at low photon energies. The small
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Table 6

Whole-atom total Compton scattering cross-sections (b/atom) for the biological materials in the energy region from 0.005 to 10 MeV using XCOM (Berger and Hubbell,

1987).
Energy (MeV) Hy0 CeH11NO CoHy CsHgO2 CgHg Ci16H1403 Cs5H10206 HgO26PoCag [Ca3(PO4)2]3 Ca (OH),
0.005 3.3574 22.1577 6.0428 18.7156 20.0216 45.9748 175.9654 123.5216 127.8834
0.006 3.7606 24.4243 6.6052 20.7424 22.0184 50.9312 193.2306 140.2564 145.6006
0.008 4.3080 27.4030 7.3300 23.4350 24.6480 57.5450 215.7370 165.1980 172.0200
0.010 4.6386 29.3063 7.7912 25.1574 26.3704 61.8592 230.0976 182.7654 190.5346
0.015 5.0890 32.0895 8.4620 27.6640 28.9720 68.3170 251.0130 210.5860 220.0150
0.020 5.3136 33.5038 8.7912 28.9484 30.3104 71.6832 261.4556 226.3594 237.1536
0.030 5.4748 34.4024 8.9696 29.8112 31.1392 73.9516 267.6408 240.5822 253.0148
0.040 5.4618 34.2369 8.8956 29.7172 30.9752 73.7436 265.9118 244.4142 257.5378
0.050 5.3894 33.6977 8.7388 29.2776 30.4776 72.6608 261.4894 243.8926 257.3114
0.060 5.2888 33.0234 8.5536 28.7092 29.8592 71.2506 256.1108 241.3542 254.8828
0.080 5.0732 31.6016 8.1744 27.4908 28.5648 68.2284 244.9272 233.7948 247.2512
0.100 4.8646 30.2423 7.8172 26.3184 27.3304 65.3162 234.3146 225.3614 238.5546
0.150 4.4070 27.3665 7.0680 23.8250 24.7240 59.1240 211.9480 205.7190 218.0290
0.200 4.0428 25.1264 6.4876 21.8782 22.6992 54.2936 194.5738 189.5852 201.0448
0.300 3.5270 21.8875 5.6500 19.0600 19.7720 47.3000 169.4730 165.6460 175.7430
0.400 3.1636 19.6238 5.0652 17.0894 17.7264 42.4092 151.9386 148.7054 157.8016
0.500 2.8886 17.9273 4.6272 15.6134 16.1944 38.7462 138.8056 135.9564 144.2886
0.600 2.6752 16.5846 4.2804 14.4438 14.9808 35.8434 128.4042 125.8308 133.5552
0.800 2.3502 14.5711 3.7604 12.6908 13.1608 31.4914 112.8102 110.6168 117.4122
1.000 2.1128 13.1034 3.3816 11.4132 11.8352 28.3206 101.4488 99.5012 105.6168
1.500 1.7136 10.6518 2.7492 9.2774 9.6224 23.0232 82.4726 80.8804 85.8536
2.000 1.4632 9.2686 2.3454 7.9163 8.2088 19.6434 70.3637 69.0328 73.2792
3.000 1.1496 7.1502 1.8452 6.2276 6.4584 15.4540 55.3562 54.3160 57.6582
4.000 0.9634 5.9644 1.5392 5.1948 5.3872 12.8908 46.1760 45.3102 48.1000
5.000 0.8312 5.1512 1.3294 4.4865 4.6528 11.1332 39.8813 39.1244 41.5318
6.000 0.7338 4.5524 1.1748 3.9650 4.1120 9.8394 35.2442 34.5826 36.7152
8.000 0.6000 3.7234 0.9608 3.2430 3.3632 8.0479 28.8250 28.2871 30.0284
10.000 0.5112 3.1709 0.8182 2.7619 2.8640 6.8537 24.5475 24.0943 25.5778

Table 7

Compton energy absorption cross-sections (b/atom) for the biological materials in the energy region from 0.5 to 10 MeV using tabulated values of Biggs et al. (1975).

Energy (MeV) H,0 CeH11NO CoHy CsHgO2 CgHg C16H1403 Cs5H10206 HgO26P9 Cag [Caz(PO4)2]3 Ca (OH),
0.005 0.0833 0.2658 0.0690 0.2317 0.2352 0.5643 2.0649 1.7452 1.7832
0.006 0.1033 0.3330 0.0870 0.2891 0.2960 0.7059 2.5943 2.1952 2.2542
0.008 0.1449 0.4687 0.1230 0.4059 0.4192 0.9951 3.6595 3.1456 3.2470
0.010 0.1874 0.6048 0.1588 0.5232 0.5432 1.2872 4.7226 4.0662 4.2268
0.015 0.2936 0.9406 0.2466 0.8137 0.8488 2.0106 7.3387 6.4202 6.7108
0.020 0.3947 1.2567 0.3286 1.0881 1.1352 2.6927 9.7915 8.6986 9.1150
0.030 0.5770 1.8237 0.4752 1.5812 1.6480 3.9174 14.1844 12.8871 13.5406
0.040 0.7331 2.3074 0.6000 2.0026 2.0848 4.9629 17.9290 16.5431 17.4038
0.050 0.8661 2.7200 0.7064 2.3620 2.4568 5.8537 21.1218 19.7182 20.7806
0.060 0.9798 3.0722 0.7972 2.6690 2.7744 6.6146 23.8474 22.4466 23.6792
0.080 1.1604 3.6311 0.9412 3.1562 3.2784 7.8224 28.1710 26.8095 28.3222
0.100 1.2929 4.0421 1.0472 3.5144 3.6488 8.7097 31.3522 30.0285 31.7514
0.150 1.4873 4.6449 1.2026 4.0397 4.1920 10.0111 36.0165 34.7798 36.8204
0.200 1.5680 4.8922 1.2660 4.2562 4.4144 10.5468 37.9262 36.7821 38.9626
0.300 1.5772 4.9204 1.2732 4.2806 4.4400 10.6080 38.1426 37.0967 39.3174
0.400 1.5121 4.7168 1.2204 4.1036 4.2560 10.1691 36.5624 35.6086 37.7486
0.500 1.4282 4.4543 1.1524 3.8754 4.0192 9.6038 34.5266 33.6527 35.6800
0.600 1.3336 4.1801 1.0840 3.6256 3.7808 9.0044 32.4180 31.4116 33.3218
0.800 1.1920 3.7176 0.9618 3.2345 3.3544 8.0154 28.8163 28.1115 29.8104
1.000 1.0678 3.3304 0.8616 2.8976 3.0048 7.1802 25.8144 25.1903 26.7128
1.500 0.8475 2.6431 0.6838 2.2997 2.3848 5.6987 20.4875 19.9981 21.2076
2.000 0.7049 2.1981 0.5686 1.9125 1.9832 4.7393 17.0367 16.6356 17.6428
3.000 0.5316 1.6581 0.4290 1.4427 1.4960 3.5748 12.8531 12.5483 13.3090
4.000 0.4290 1.3371 0.3458 1.1635 1.2064 2.8834 10.3623 10.1266 10.7404
5.000 0.3609 1.1250 0.2910 0.9789 1.0152 2.4261 8.7195 8.5188 9.0362
6.000 0.3120 0.9727 0.2516 0.8464 0.8776 2.0974 7.5390 7.3666 7.8134
8.000 0.1478 0.4722 0.1000 0.4218 0.2984 0.8672 3.2400 5.8188 6.1710
10.000 0.2042 0.6364 0.1646 0.5537 0.5744 1.3726 4.9321 4.8201 5.1132

difference between the values given by Ribberfors and the ones calcu-
lated here may be due to the different binding energies used, which
affect the atomic cross section at low photon energies. The atomic cross
section according to the incoherent scattering function approach deviate
greatly from the relativistic impulse approximation at low energies. The
differences are less than 0.3% in between 0.005 and 10 MeV.

The motion of the atomic electrons around the atomic nucleus gives

rise to a Doppler broadening of the apparent energy of the incident
photon, resulting in a corresponding broadening of the Compton
“modified line” for a given deflection angle of the outgoing scattered
photon. The shape of this broadened line is called the “Compton profile”.
Compton profiles J (p;), calculated using Hartree-Fock wave functions
are available in the literature (Biggs et al., 1975). Geometrical factor
influence on Compton profile measurements for few biological materials
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Table 8

Compton energy absorption cross-sections (b/atom) for the biological materials in the energy region from 000.5 to 10 MeV using tabulated values of Storm and Israel

(1970).
Energy (MeV) H0 CeH11NO CoHy CsHgO» CgHg C16H1403 Cs5H10206 HgO26PoCag [Ca3(PO4)2]3 Ca (OH),
0.005 0.0320 0.2173 0.0596 0.1836 0.1992 0.4552 1.7330 1.1810 1.2238
0.006 0.0431 0.2855 0.0776 0.2424 0.2600 0.5989 2.2666 1.6063 1.6676
0.008 0.0651 0.4190 0.1124 0.3584 0.3792 0.8833 3.3056 2.5033 2.6074
0.010 0.0869 0.5534 0.1474 0.4751 0.5000 1.1711 4.3509 3.4319 3.5776
0.015 0.1406 0.8900 0.2348 0.7674 0.8048 1.8970 6.9646 5.8384 6.1016
0.020 0.1918 1.2109 0.3176 1.0462 1.0952 2.5906 9.4468 8.1812 8.5718
0.030 0.2846 1.7918 0.4672 1.5524 1.6224 3.8522 13.9396 12.5214 13.1716
0.040 0.3638 2.2834 0.5936 1.9812 2.0672 4.9186 17.7388 16.2892 17.1668
0.050 0.4352 2.7161 0.7044 2.3608 2.4568 5.8584 21.0802 19.6958 20.7822
0.060 0.4960 3.0960 0.8020 2.6910 2.8000 6.6800 24.0110 22.6490 23.9240
0.080 0.5938 3.6954 0.9556 3.2142 3.3392 7.9766 28.6338 27.3462 28.9088
0.100 0.6708 4.1689 1.0776 3.6282 3.7672 9.0036 32.3008 31.1092 32.9498
0.150 0.7998 4.9684 1.2836 4.3262 4.4912 10.7386 38.4898 37.3872 39.6148
0.200 0.8736 5.4258 1.4012 4.7234 4.9024 11.7232 42.0186 40.9304 43.4236
0.300 0.9504 5.9052 1.5248 5.1416 5.3376 12.7648 45.7304 44.6416 47.3704
0.400 0.9806 6.0843 1.5712 5.2994 5.4984 13.1522 47.1256 46.1004 48.9006
0.500 0.9902 6.1331 1.5824 5.3418 5.5368 13.2514 47.4752 46.5248 49.3702
0.600 0.9816 6.0743 1.5672 5.2914 5.4824 13.1232 47.0216 46.1864 49.0266
0.800 0.9542 5.9256 1.5304 5.1608 5.3568 12.8114 45.8992 44.8728 47.6092
1.000 0.9256 5.7448 1.4832 5.0024 5.1904 12.4152 44.4856 43.4424 46.1056
1.500 0.8442 5.2421 1.3544 4.5638 4.7368 11.3254 40.6092 39.6248 42.0542
2.000 0.7728 4.7924 1.2376 4.1752 4.3312 10.3616 37.1228 36.2772 38.5228
3.000 0.6578 4.0794 1.0536 3.5512 3.6832 8.8086 31.5928 30.7142 32.5448
4.000 0.5764 3.5722 0.9228 3.1106 3.2256 7.7148 27.6714 26.7956 28.3764
5.000 0.5132 3.1891 0.8244 2.7748 2.8808 6.8844 24.7082 23.7948 25.1922
6.000 0.4632 2.8851 0.7464 2.5098 2.6088 6.2304 22.3632 21.3738 22.6182
8.000 0.3900 2.4270 0.6280 2.1100 2.1920 5.2340 18.8100 17.9350 18.9620
10.000 0.3390 2.1150 0.5480 1.8380 1.9120 4.5610 16.4040 15.4670 16.3180

Table 9

Compton component of mass energy absorption coefficients (cm?/g) for few biological materials in the energy region from 0.005 to 10 MeV estimated using mixture

rule.
Energy (MeV) H,0 CeH11NO CoHy CsHgO2 CgHg C16H1403 Cs5H10206 HgO26P9 Cag [Caz(PO4)2]3 Ca (OH),
0.005 0.0015 0.0014 0.0015 0.0014 0.0013 0.0013 0.0014 0.0011 0.0011
0.006 0.0019 0.0018 0.0018 0.0017 0.0017 0.0017 0.0018 0.0014 0.0014
0.008 0.0026 0.0025 0.0027 0.0025 0.0024 0.0024 0.0026 0.0020 0.0020
0.010 0.0033 0.0032 0.0034 0.0031 0.0031 0.0030 0.0033 0.0026 0.0025
0.015 0.0051 0.0050 0.0053 0.0049 0.0049 0.0048 0.0052 0.0041 0.0040
0.020 0.0067 0.0067 0.0071 0.0066 0.0066 0.0064 0.0069 0.0056 0.0055
0.030 0.0098 0.0097 0.0102 0.0095 0.0095 0.0092 0.0099 0.0082 0.0081
0.040 0.0123 0.0123 0.0129 0.0120 0.0121 0.0118 0.0126 0.0105 0.0104
0.050 0.0146 0.0145 0.0152 0.0142 0.0142 0.0139 0.0148 0.0126 0.0125
0.060 0.0165 0.0164 0.0171 0.0161 0.0161 0.0157 0.0167 0.0143 0.0142
0.080 0.0195 0.0193 0.0202 0.0190 0.0190 0.0185 0.0197 0.0171 0.0170
0.100 0.0217 0.0215 0.0225 0.0211 0.0211 0.0206 0.0220 0.0192 0.0191
0.150 0.0251 0.0247 0.0258 0.0243 0.0242 0.0237 0.0252 0.0222 0.0221
0.200 0.0264 0.0260 0.0272 0.0256 0.0255 0.0250 0.0266 0.0235 0.0233
0.300 0.0265 0.0262 0.0273 0.0257 0.0256 0.0251 0.0267 0.0237 0.0235
0.400 0.0255 0.0251 0.0262 0.0247 0.0247 0.0241 0.0257 0.0227 0.0226
0.500 0.0240 0.0237 0.0247 0.0233 0.0232 0.0228 0.0242 0.0215 0.0214
0.600 0.0222 0.0222 0.0233 0.0218 0.0218 0.0213 0.0227 0.0200 0.0199
0.800 0.0200 0.0198 0.0206 0.0194 0.0194 0.0189 0.0202 0.0179 0.0179
1.000 0.0180 0.0178 0.0185 0.0175 0.0174 0.0170 0.0181 0.0161 0.0160
1.500 0.0143 0.0141 0.0147 0.0139 0.0138 0.0135 0.0144 0.0128 0.0127
2.000 0.0118 0.0117 0.0122 0.0115 0.0115 0.0112 0.0119 0.0106 0.0106
3.000 0.0089 0.0088 0.0092 0.0087 0.0087 0.0085 0.0090 0.0080 0.0080
4.000 0.0072 0.0072 0.0075 0.0070 0.0070 0.0069 0.0073 0.0065 0.0065
5.000 0.0060 0.0060 0.0062 0.0059 0.0058 0.0057 0.0061 0.0054 0.0054
6.000 0.0052 0.0052 0.0054 0.0051 0.0051 0.0050 0.0053 0.0047 0.0047
8.000 0.0041 0.0040 0.0038 0.0039 0.0036 0.0035 0.0035 0.0036 0.0036
10.000 0.0035 0.0034 0.0036 0.0034 0.0033 0.0033 0.0035 0.0031 0.0039

has been studied extensively (Brunetti et al., 2004). Recently, tomo-
graphic based scattered radiation from biological materials is examined
using synchrotron X-rays. (Rao et al., 2005). In addition,
synchrotron-based scattered radiation from low-contrast phantom ma-
terials form polyethylene (C2H,), polystyrene (CgHg), nylon (CgH;1NO)
and plexiglass (C43H3307), used as test objects in X-ray CT was examined

with 8, 10 and 12 keV X-rays (Rao et al., 2009). These test phantom
materials of medical interest will contains varying proportions of low
atomic number elements. Based on the above theoretical and experi-
mental evidence, the impact of the Compton profile on the computation
of X-ray cross section and attenuation coefficients derived are very
useful.
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Fig. 1. Compton scattering cross-sections (b/atom) for H, C, N, O, P and Ca in
the energy region 0.005-10 MeV, using the tabulated values of Biggs

et al., (1975).
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Fig. 2. Compton energy absorption cross-sections (b/atom) for H, C, N, O, P

and Ca in the energy region
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0.005-10 MeV, using the tabulated values of Biggs et al., (1975).
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Fig. 3. Whole-atom total Compton scattering cross-sections (b/atom) for the
biological materials in the energy region from 0.5 to 10 MeV using the tabu-

lated values of Biggs et al., (1975).
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Fig. 4. Whole-atom total Compton scattering cross-sections (b/atom) for the
biological materials in the energy region from 0.5 to 10 MeV using the tabu-
lated values of Storm and Israel (1970).
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Fig. 7. Compton scattering energy absorption cross-sections (b/atom) for the
biological materials in the energy region from 0.5 to 10 MeV using the tabu-
lated values of Storm and Israel (1970).

2. Theoretical methods

Impulse approximation based double differential scattering cross
sections for Compton scattering against bound electron states, effects of
anisotropy and polarization, are studied extensively, with approximate
relativistic treatment, valid for all scattering angles. A simple relation-
ship between the cross section and the Compton profile is obtained
(Ribberfors, 1975). It accounts for the Doppler broadening of the double
differential cross section. It is defined as

) = // p.(pe) dp. dp, &

where p; (pe) = |w(pe) |2 is the initial electron momentum distribution
and y(pe) is the electron wave function. Due to wave function normal-
ization, Compton profiles are normalized to unity as

/7 Ji(pz) dp, =1 @

o0

The Compton profile, J (pz), in eq’s (1) and (2) takes into account the
fact that the electrons in the atom has distribution of velocities. This
causes a Doppler shift for the scattered photon. Instead of the single
Compton energy, the scattered photons show a broadened spectrum of
energies.

In the Hartree-Fock approximation, the electron momentum distri-
bution is isotropic, and the Compton profile reduces

5(p) =25 [ o) do 3
)23

The relativistic double differential cross section for scattering of an
initially unpolarised X-ray photon is as follows (Ribberfors and Bergg-
ren, 1982).

o [ dodQ = (13 /2) m (0 [ @)k — k| Xkw J (p.) 4)

The above expression is further simplified by putting 0, =~ @3 in X gn.
The non-relativistic expression in the above approximation is

&6 [ dodQ...=(r3 /2) m (@, / 01)|k — k| (1+cos*(8) )J (p.), where

k—k| = (0? + 02 — 2 @ @, cos(6) )™
o wf (5)
and Xgy :—£+—2 — sin® @
(]
The numerical difference in using eq’s (4) and (5) is of the order of
less than 1% if integrated over the scattered photon energy.
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Fig. 9. Compton component of mass energy absorption coefficients (cm?/g) for
few biological materials in the energy region from 0.005 to 10 MeV estimated
using mixture rule.

The total cross sections are calculated using linear approximations
and the energy absorption cross section for electrons scattered by pho-
tons with the use of the same method. The approximate method requires
the knowledge of the Ji (0)’s and the binding energies for the electrons.
The most and commonly used Compton profiles are Hartree-Fock
Compton profiles calculated by Biggs et al. (1975). The Compton pro-
file can be interpreted as a probability density function of p,. In the case
of Hartree-Fock Compton profiles, J; (p,) is symmetric about p, = 0 for
all the shells of every element. Also, the maximum of J; (p,) is obtained
at p, = O for all the shells. In general, J; (p,) is broader for inner shells
and becomes highly peaked at p, = 0 as the shell number increases.
Similar to Compton profiles, the double differential cross section is
narrowly peaked at wc and corresponding to p, = 0. When considering
the atomic double differential cross section, the most probable scattered
photon energy is usually equal to .

The total cross section is obtained by integrating eq (4) over energy
and solid angle intervals and the cross section for a specific shell (c;) is

obtained.
(w—:.+& — sin® 0) sin0J; (pz)>
W, W

Ui:(mﬂrg/wl)//dédwz (w2/|k—k/
(6)

The limit of the integration in eq (6) for the energy of the scattered
photon ‘w2’ up to ‘wy” = w3 — i where ‘i’ is the ionization energy of the
electron in the ‘i’ th shell and ‘w5’ is the energy of the Compton scattered
photon. The total cross section is the summation over the occupied
shells. It can be written as follows (Ribberfors, 1983).

ci=nr] / do

0

Pmax

o\ 2 c
(“’—2) (w—‘+ﬁ — sin? 9) sin 6 / dp. J1i(p.) %)
(O (%} (0]

Further approximations are as follows

O
P, = w,w,(1 — cos 0) — m(w, — @,) [(wf + o} — 2ww,(1 — cos 9))0'5]

dwz/dpf =lk—Kk]| {m(%)} — p.(wy — w; cos 0)/|k7k’\71
0,
®

With the use of eq’ (7) and (8), the following equation has been
derived for energy absorption cross section.

Oew =112 [7d0 sin 0 (%) (1 ’%) {%+% — sin 9} XY [P dp,
2

J,-(pz){l + a(ml,mg,é‘)pz/m +/5((m1,a)‘2',6‘)(pz/m2> }(1 —g(2))
©)
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where ‘r,’ is the classical electron radius, ‘m’ is the electron mass, w; and
o5 are the incident and scattered photon energies for an electron at rest
in keV, ‘0’ is the scattering angle and J; (p,) is the Compton profile of an
electron in the i th shell. In eq’s (7) and (9) ‘Pimax’ is the highest ‘P,’
value for which an electron in orbital number ‘i’ is able to be excited.
The ‘Pimay’ is obtained by putting ‘@5’ up to ‘05’ = 01 —i, in eq (7), where
4’ is the ionization energy of the electron in the ‘i’ th shell. The ‘Pipax’
may be positive or negative.

The values for ‘e’ and ‘B’ are obtained with the use of series expan-
sion. With this procedure, the first term in eq. (9) becomes normaliza-
tion integral for Compton profile number ‘i’. The summation over ‘i’
gives the atomic number ‘Z’ for the material. The second term is zero,
since the integrand is an odd function of p,. is in first order. The third
term may be neglected, or used as a correction, because it is of second
order (p,/m)2. The integration is over the solid angle d ' and the energy
integration is extended to all the shells K, L, M. for electrons in the orbits.
In eq (9) g (w1- wg, Z) is the expectation value of the fraction of the
energy transfer (w;- wz) which is lost due to bremsstrahlung when the
liberated secondary electrons (the Compton electron, Auger and Coster -
Kronig electrons) are slowed down.

The Compton profile data introduces some difficulties about the
appropriate interpolation and extrapolation techniques. First of all, the
tabulated Compton profiles do not cover the whole range of p, because
p, min/(omec) ~ —137. Also, the maximum value of p,/(amcc) can be
much larger than 100. It is observed for outer shells for which the
Compton profiles are highly peaked at p, = 0. However, inner shells
have much broader distributions, indicates that p, grid of the profile
data is not sufficient and the Compton profiles must be extrapolated
above p,/(amec) = 100. Another issue is the proper interpolation of the
Compton profiles, which again a real problem for broader profiles.
Linear interpolation is sufficient for outer shells, because most of the
Compton profile data are given at small values of p,. For the broad inner-
shell profiles roughly above p,/(amec) = 30, linear interpolation is not
sufficient as it causes artifacts in double differential cross section. Useful
interpolation and extrapolation methods for the Compton profile data
are not available in the literature. The validity of interpolation and
extrapolation schemes uses the normalization condition of eq. (3),
tighter with graphical analysis. Linear interpolation and extrapolation
on a log-liner scale proved to be reasonably good approximations. With
the present procedure, the earlier, anomalies and discrepancies are
corrected.

The whole atom scattering cross section for unpolarised photons for
each subshell is evaluated using the following relation

Po [ dwdQ =Y Ni(do | dwd@), Ji(p.) (10)

here ‘i’ denotes the sub-shell number, ‘N’ is the number of electrons in
the ‘i’ th shell and J; (pz) is the Compton profile of an electron in the ‘i’ th
shell. However, the summation exclude those electrons for which (0;-
®2) < Ep. Energy transfers (01- ) less than the binding energy of the
electrons cannot occur. The presence of the absorption edge causes a
considerable asymmetry in the energy distribution of the Compton
scattered photons, particularly at low incident photon energies.

The Compton profile for the molecules, plastics and tissues is
calculated by weighted addition, e.g., for bone,

Ji(p:) = 8J (), +260 (p:), + 97 (p2), +6J(p:) an

Our calculations are based on the following approximations and easy
to evaluate the total scattering cross-sections and Compton energy ab-
sorption cross-sections for the individual shells and the whole-atom. We
adopted the following procedure for the limits of integration: @ (max)
= 1 - W2, Exg = 01- 02-Ep, 02 = 03 (max), wy = wy (max)/2000 values for
the scattered photon energy. The numerical integration analysis is per-
formed using the C++ computer program. We generated the Compton
profile function with the use of J; (0)’s and the binding energies for the
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electrons. For each incoming photon energy, we have entered the
number of shells/sub-shells in atom manually.

This program generates the data with exclusion of those electrons for
which ;- 02 < Ep in eq (9) by introducing an absorption edge in the
double differential cross section. In this way we entered the binding
energy for each shell and also with exclusion of those electrons for which
®1- 02 < Ep and the data is evaluated in the energy region from 0.005 to
0.5 MeV. The computer program evaluates the data required for the
study (DDCS Single shell, DDCS all shells, DCS single shell, DCS all
shells, Compton profile single shell, Compton profile all shells, S (X,Z)
single value and S (X,Z)/Z multiple values).

3. Results and discussion

The, name, density and chemical formula of all the materials are
presented in Table 1. Double differential scattering cross sections for
single atoms such as, H, C, N, O, P and Ca are evaluated with eq’s. (4)
and (5) using the tabulated data of J; (p,). The difference between the
two sets of derived relativistic and non-relativistic cross section is less
than 1%. The numerical calculations are confined to the whole atom,
based on impulse approximation. Whole-atom Compton scattering
cross-sections (b/atom) for H, C, N, O, P, and Ca, and Compton-energy
absorption cross sections in the energy region from 0.005 to 10 MeV
using the tabulated Compton profile values of Biggs are presented in
Tables 2 and 3.

Whole-atom total Compton scattering cross-sections for the biolog-
ical materials in the energy region from 0.005 to 10 MeV using the
Compton profile values of Biggs et al. (1975), Storm and Israel (1970),
and using the XCOM, 1987, programme are presented in Table 4-6.
Compton energy absorption cross-sections for the biological materials in
the energy region from 0.005 to 10 MeV using tabulated values are
presented in Tables 7 and 8. Compton component of mass energy ab-
sorption coefficients (cmz/g) for few biological materials in the energy
region from 0.005 to 10 MeV, estimated using mixture rule are pre-
sented in Table 9. The whole-atom Compton scattering cross-section and
the Compton energy absorption cross sections for H, C., N, O, P and Ca
are displayed in Figs. 1 and 2. The derived results for the biological
materials using the tabulates values are displayed in Figs. 3-5 (Biggs
et al,, 1975; Storm and Israel., 1970; Berger and Hubbell, 1987).
Compton energy absorption cross section evaluated using the tabula-
tions of Biggs et al. (1975); Storm and Israel (1970), are presented in
Figs. 6 and 7. The error arises due to the contribution of Doppler
broadening from the individual shells. With inclusion of energy broad-
ening of Compton scattered photons, reflects the true energy transferred
to the Compton electrons. Comparison of the ratios for all the biological
materials are displayed in Fig. 8. (a) to (i). The overall ratio for all the
materials never exceeds more than 1.15, for all the biologically inter-
esting elements. It is interesting to note that the energy absorption cross
sections are less affected by the energy broadening of the Compton
scattered photons. The Compton component of the absorption co-
efficients for the present materials in the energy region 0.005-10 MeV
are displayed in Fig. (9). The values derived consistently follow the
standard tabulations within the limited errors.

4. Conclusion

The results for the present biological materials are derived using the
double differential cross section based on impulse approximation and
highlighting the importance of Doppler broadening. In view of this,
these values are useful in calculating the radiation attenuation, transport
and energy deposition in medical physics, reactor shielding and indus-
trial radiography.
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