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1 Photon interactions with atoms

1.1 Introduction

When a photon collides with an atom in its free state a number of things can happen. The photon
may be absorbed and the atom left in an excited state or one or more atomic electrons may be
removed and the atom becomes a singly or multiply charged ion. Alternatively, the photon may be
scattered elastically without loss of energy or inelastically with subsequent excitation or single or
multiple ionization of the atom. These processes are of fundamental importance for a wide variety of
applications since the interactions of photons with atomic systems forms the basis of our
understanding of the interaction of radiation with matter in general. It is the aim of this chapter to
present a large subset of the basic experimental data on these processes.

Since photons can have energies (or wavelengths) over a broad range and the number of
experiments which have been performed by alternative techniques to study these processes is large,
there must be limits placed on the data presented. The criteria used to define the data presented are
given below.

A. The data presented will be experimental data for ionization or scattering from free atoms
only. This is an important limitation since at X-ray energies matter often behaves as if it
were a collection of free atoms. However, one never can be sure that molecular or solid
state effects may be neglected.

B. Photon absorption without ionization will not be considered. Basically, this is the subject
of atomic spectroscopy and detailed tabulations of the wavelengths of spectral lines and of
the probabilities of transitions between various atomic levels are available elsewhere
[58Mo01, 69Wel.

C. For photoionization, the data presented will be limited to the range of incident photon
energies from the threshold for ionization (between 5 and 30 eV for neutral atoms) to
10 keV.

D. Although there have been a number of sophisticated theoretical calculations of
photoionization and of elastic and inelastic photon scattering, with some exceptions, no
data based on computed cross sections will be given.

E. Processes in which two or more photons interact simultaneously with a single atom will
not be considered.

With the above criteria in mind, the data presented is arranged in three sections. Section 1.2 is
concerned with total ionization cross sections for free atoms in their ground states in the energy
range from threshold to 10 keV. The material is arranged in the following way. First, a brief
discussion of the experimental techniques used in obtaining the data presented. Next, data are given
for atomic hydrogen, for which few experiments have been done but theory is expected to be
accurate. This is followed by data on the rare gases which, since they exist in free form comprise the
bulk of the experimental data on free atoms. This is followed by data on the atmospheric gases
oxygen and nitrogen, by data on the easily vaporized alkalis and finally by data on other atoms for
which measurements have been made.
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For all of the above elements there exists a large body of relative cross section measurements.
These are not presented unless they can with reasonable certainty be normalized via other absolute
measurements.

The data presented in Section 1.2 omits those energy ranges where autoionization or Auger
processes occur which result in rapidly varying resonant cross sections. Such processes as well as
simultaneous ionization and excitation and direct double ionization have been studied by a variety of
experimental techniques and the data obtained is presented in Section 1.3. As in Section 1.2, there is
a brief discussion of the experimental techniques used. The section also contains some data on the
branching ratios; i.e., the ratios of alternative final states of the rest of the atom when a single
electron is emitted and on the angular distribution of emitted electrons.

Finally, Section 1.4 is devoted to the experimental data on elastic and inelastic scattering. Here
the energy range has been expanded and some data are given at high energies which was obtained
from atoms not in their free state.

A number of alternative sources of the data presented here are available either in printed form or
via on-line computer access. In general, these sources are intended for a particular application, are
based either entirely or in part on theoretical calculations and often include data obtained via
measurements on molecular gases or solids. Alternative sources of data including a brief description
of each are listed in an appendix.

1.2 Total photoionization cross sections

1.2.1 Measurement techniques

If we assume that the photon source is weak enough so that only single photon-atom processes are
possible and further that the energy of the photon beam is low enough that scattering may be
neglected, but monochromatic with an energy above the first atomic ionization potential, then the
cross section for total ionization may be obtained simply by measuring the attenuation of the photon
beam as it passes through a gas of atoms. The cross section for total ionization in this case is given
simply by Beer's law:

o=In(l,/)/nl

Herel, andl are the initial and final fluxes of the photon beéarthe length of path the beam passes
through anch the gas density. Ifis measured in cm andis in atoms/crithe cross section will be
in units of cmi. The units commonly used for photoionization cross sections ar® ch#
(megabarns), I8'cn? (kilobarns) and 1G*cn? (barns). All of these units will be used here.
Experimental data are sometimes expressed in units of reciprocal path kengir (cni™®). When
this is the case the results will be converted to cross sections using known densy€s.

Alternatively, assuming again a monochromatic photon beam of known intensity, the
photoionization cross section may be obtained by measuring the number and charge of the ions
produced by absorption in a given path length or by measuring the number and energy of electrons.
These methods have the added advantage that they allow one to separate single from double or
multiple ionization and also make it possible to obtain cross sections differential in the direction
and/or energy of the ejected electrons.

By far the bulk of the data on photoionization cross sections in this section has been obtained via
straightforward photon attenuation measurements as described above. When this is not the case; i.e.,
when the data were obtained via collection of ions or electrons this will be noted.

The measurements reported in this section refer only to those energy ranges where the
photoionization cross sections are expected to be slowly varying as a function of energy and hence
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the energy distribution of the photon source (linewidth for discrete sources or spectral resolution for
continuous sources such as synchrotron radiation using a monochromator) is relatively unimportant.
However, some information on the experimental arrangement used will be given in some cases.

In a large part of the earlier literature which used photon line sources wavelengths rather than
photon energies are reported. Although these measurements have the disadvantage of only being
available at sometimes widely spaced energies, they have proven to be remarkably consistent since
there is good agreement between experiments by different investigators. Most of the data obtained in
the last several decades were obtained using synchrotron light sources which although they have the
advantage of being continuous sources over a broad energy range require careful measurements to
account for the detection of light not at the wavelength of the measurement.

Often, data are reported as a function of wavelength rather than of energy. When this is the case
wavelengths have been converted to electron volts using the formula:

E (eV) = 1.2398-1¢/A (cm)

1.2.2 Cross sections for atomic hydrogen

In the energy range between the ionization threshold (13.598 eV) and 10 keV the cross section for
atomic hydrogen can be calculated to high accuracy for the following reasons. Hydrogen is an atom
with a single electron moving in a known central field. Thus the ground electronic state of the atom
is known analytically as are the final continuum states corresponding to photoionization. This makes
it possible to calculate the cross section accurately either by evaluating analytical formulas or by
direct numerical solution of a one electron Schrodinger equation.

In Table 1 the calculated cross section for atomic hydrogen is shown over the range from
threshold to 10 keV. The data in the range below 100 eV has been obtained by evaluating a simple
formula for the cross section within dipole approximatibiBel], and that at higher energies taken
from the tabulations of Veigelé&3Vel] and Scofield 3Sc].The calculated values are expected to
be accurate to better than 1 %.

Although the photoionization cross section of atomic hydrogen can be calculated with high
accuracy, measurements are difficult and serve only to provide a check on the theoretical results. The
measurements are difficult since molecular hydrogen must be dissociated and some assumptions
made concerning the relative absorption of molecular hydrogen since dissociation is incomplete.
Absolute measurements of the cross section have been made at three energies near 86Bsliold [
66Beq and the results are compared with the theoretical results in Table 2. The agreement is good
only at the lowest energy. The most definitive measurement for hydrogen was made by Palenius et
al. [76Pa] using a shock tube which resulted in almost 100 % dissociation,.offlreir results
extended from threshold to 20.36 eV and are also compared with theory in Table 2.

Although it is extremely difficult to measure the atomic hydrogen photoionization cross section
measurements of molecular hydrogen are relatively simple to perform and a number of them have
been performed. Tabulations of data of cross sections often use measurements on molecular gases or
solids to infer cross sections for individual atoms assuming that molecular binding or solid state
effects do not affect the cross sections. While this may be a good approximation at moderately high
photon energies for some substances it is not for molecular hydré¢€n].
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Table 1. Cross sections for photoionization of atomic hydrogen as
obtained from the formula described in the text and from the numerical
calculations of Veigele and Scofield.

Energy [eV] Cross section [18 cnf]

Formula 73Vel 73Scl
1.360E+01 (I.P.) 6.303E+03
2.000E+01 2.212E+03
4.000E+01 3.059E+02
6.000E+01 9.178E+01
8.000E+01 3.838E+01
1.000E+02 1.933E+01 1.93E+01
2.000E+02 2.195E+00 2.20E+00
4.000E+02 2.348E-01 2.32E-01
6.000E+02 6.208E-02 6.15E-02
8.000E+02 2.394E-02 2.36E-02
1.000E+03 1.139E-02 1.12E-02 1.141E-02
2.000E+03 1.10E-03 1.111E-03
4.000E+03 1.05e-04 1.053E-04
6.000E+03 2.63E-05 2.627E-05
8.000E+03 9.79E-06 9.816E-06
1.000E+04 4 .55E-06 4.558E-06

Table 2. Photoionization cross sections for atomic hydrogen as measur@d6sBe]], ) [66Be]
and [f6Pa] and as computed by the analytic formula discussed in the text.

Energy [eV] Cross section [1H cn?] Energy [eV] Cross section [I8 cnf]
Measured Formula Measured Formula
13.62 6.25 6.28 15.34 4.40 4.57
13.73 6.16 6.15 15.96 4.09 4.11
14.01 5.62 5.83 16.49 3.89 3.75
14.22 5.98 5.60 17.41 3.93 3.23
14.38 4.85 5.43 17.94 3.22 2.98
14.57 5.15+ 0.181) 5.25 18.70 2.99 2.63
14.59 4.83 5.24 19.10 2.82 2.51
14.70 2.90+ 0.502) 5.12 19.49 2.81 2.37
14.79 4.60 5.04 19.90 2.57 2.24
15.00 3.80+0.80)  4.85 20.36 2.23 2.11

15.08 4.19 4.78
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1.2.3 Cross sections for helium

Unlike hydrogen, exact calculations for helium cannot be made although much theoretical effort has
been expended on such calculations and there is relatively good agreement with measurements. In
contrast to hydrogen, measurements (at least at low energies) are fairly straightforward and the
accuracy of the measurements is believed to be of the order of 1...2 %.

Since helium, unlike hydrogen is a two electron system, double as well as single ionization is
possible at photon energies above the second ionization potential (79 eV) and measurements indicate
that double ionization is of the order of 1...2 % of the total. All of the data reported here is for total
ionization although there have been a number of measurements for the ratio of double to single
ionization which will be discussed in Section 1.3.

The cross sections for photoionization are expected to be relatively smooth functions of photon
energy except in the energy range below the double ionization threshold (79 eV) and extending to a
region about 1 eV below the lowest energy resonance at 60.12 eV. For this reason data here is given
only for the energy range below 59 eV and above 79 eV. Data in the resonance region will be
reported in Section 1.3.

At energies above (1 keV for helium, measurements of the removal of photons from a beam
cannot be used to infer photoionization cross sections since photon scattering becomes important. In
the energy range considered here (the ionization threshold to 10 keV) helium is the only atom for
which data is available in which scattering becomes important. In order to indicate the importance of
scattering for helium, the percentage of the total attenuation cross section estin3aed fo be
due to photoionization is shown in Table 3.

There have been a number of critical reviews of photoionization cross sections (or alternatively
attenuation cross sections) for both helium and the other rare gases and they will be briefly described
here. SamsorbpSal provided a set of data for all of the rare gases based on new measurements and
existing theoretical and experimental data. Somewhat later Henke, as part of broader study of
attenuation coefficients in materials included the rare gases helium, neon andd2tgef.[

West and Marr {6Wel gave a set of cross sections for helium, neon, argon and krypton based
on new measurements by them between 36 and 310 eV and a review of earlier work and tables of
their results were published§Mal]. Samson et al.94Sal have recently made new measurements
of helium from threshold to 120 eV and have provided a recommended set of data up to energies of
10 keV. Samson et al91Sal have also provided a new set of recommended values for the other
rare gases based on highly accurate measurements made at low er3®8ak Finally Cooper
[96C0] has reviewed both the theoretical and experimental evidence on both photoionization and
scattering cross sections for helium.

In the energy range below the autoionization region there is good agreement between the recent
work of Samson et al.9Sal and the earlier tabulation of Marr and Weg6Mal] as shown in
Table 4 (the numbers shown for Marr and West were obtained from the published results via linear
interpolation). The work of Samson et al. is based on new measurements whereas the work of Marr
and West is based on a critical review of all of the measurements available to them at the time. Note
that all of the results shown in Table 4 agree to within 3 %.

In the energy range between 80 and 300 eV there appears to be good agreement between the
measurements of a number of investigators. Fig. 1 shows a comparison of the measurements of
Henke Bp7He], Denne f0Del, Watson f2Wa] and an earlier measurement at 278 &t0e]
with the recommended values of Samson et @.Sph] Earlier measurements as well as those
reported by Marr and West§Mal] appear to be somewhat higher than those shown.

In Table 5 the recommended values of Samson are given at 10 eV intervals in the energy range
from 80 to 280 eV. Since the cross section is smoothly varying in this energy range this spacing
should be adequate for interpolation. The expected accuracy of the data is better than 3 % for these
data at energies below 150 eV and of the order of 5 % at higher energies.

Between 280 eV and 2.95 keV there are no measurements with the exception of a single
measurement by Denn&(De] at 523 eV. The quoted value 1.8-3'0cn? is so much lower than
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any reasonable extrapolation to higher energies that it must be discounted. Table 6 gives a theoretical
estimate of the photoionization cross section in this range based on the calculations of Railman and
Manson F9Re] and Scofield 73Sc].

In the 1...10 keV range there are two measurements of photon attenuation, an old but careful
measurement by BeardefigBe] and a recent measurement by Azuma et @Af1]. Bearden's
measurements were done with line sources at definite energies. His data which is only given to 2
place accuracy is shown in Table 7 and compared with the linearly interpolated values obtained from
the work of Azuma et al. The results appear to agree to better than 10 %. Finally, a complete set of
results of photon attenuation obtained by Azuma et al. is shown in Table 8. These authors have
attempted to estimate the photoionization cross sections by subtracting theoretical scattering cross
sections from their data but here only the total attenuation cross section is given. An estimate of the
photoionization cross section may be obtained using the ratios given in Table 3.
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Fig. 1. Helium cross sections from
100 to 280 eV from various sources:
1[94Sal, 2[72Wal, 3[67He],
0 L ! ! ! ! ! ! ! ! | 4 [70De], 5[31Del.
100 120 140 160 180 200 220 240 260 280
Photon energy [eV]

. . . -18 2
Photoionization cross section [10 ¢m]

Table 3. Percentage of total attenuation due tdrable 4. A comparison of the cross sections for
photoionization for helium and neon for inci- helium between threshold (24.59 eV) and 55 eV

dent energies between 1 and 15 k&g\el. from [76Ma]] and P4Sal.

Energy [keV] Helium [%]  Neon [%] Energy [eV] Cross section [18 cnf]
1.0 100 100 94Sal 76Mal
15 98 100
2.0 95 100 24.58 7.40 7.52
3.0 83 100 25.0 7.21 7.36
4.0 68 100 30.0 5.38 5.29
5.0 52 99 35.0 4.09 3.98
6.0 38 98 40.0 3.16 3.08
8.0 21 97 45.0 2.48 2.45

10.0 11 95 50.0 2.02 1.99

15.0 3 89 55.0 1.67 1.64
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Table 5. Photoionization cross sections Table 6. Theoretical photoionization
of helium at energies between 80 and Cross sections of helium at energies
280 eV from p4Sal. between 300eV and 3000 eV. From
[73Sc] and [79Rel.
Energy Cross section
[eV] [107% cn] Energy Cross section
[eV] [107% cn]
80.0 693.0
90.0 516.0 300.0 17.6000
100.0 393.0 450.0 5.1900
110.0 306.0 600.0 2.1000
120.0 244.0 750.0 1.0300
130.0 196.0 1000.0 0.4020
140.0 160.0 1500.0 0.1090
150.0 131.0 2000.0 0.0432
160.0 108.0 2500.0 0.0207
170.0 89.4 3000.0 0.0112
180.0 76.0
190.0 64.3
200.0 55.0 Table 8. Measured photo attenuation
210.0 47.4 cross sections of helium at energies
220.0 40.9 between 3.35 and 14.0 keV from
230.0 35.6 [95Az1].
240.0 31.5
250.0 21.7 Energy Cross section
270.0 21.8
280.0 19.4 335 9.75
3.55 8.07
3.75 6.93
. 3.95 6.05
Table 7. A comparison of the measured photon 415 526
attenuation cross sections of helium by Beardon 4.35 4.66
[66Be] and Azuma et al. 95Az1. *) from 4.55 4.16
[70Mc1]. 4.75 3.79
_ , 4.95 3.55
Energy [keV] Cross section [1¥ cnf] Ratio 5.15 3.30
5.35 3.11
66Bel 95Az1 5.50 3.07
5.55 2.93
2.98 13.3 6.00 2.57
3.44 8.8 8.96 0.99 6.50 2.41
4.51 4.6 4.78 0.95 7.00 2.14
5.41 3.3 3.09 1.06 8.00 1.84
5.89") 2.8 2.66 1.04 9.00 1.70
6.40 2.3 2.44 0.94 10.00 1.61
8.15 1.9 1.82 1.04 11.00 1.56
12.00 1.48
13.00 1.47

14.00 1.41
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1.2.4 Cross sections for neorZ(= 10)

The experimental situation for measurements of total ionization cross sections for neon is similar to
that of helium and the other rare gases. Recommended values have been given by Henke et al.
[70He], Samson §6Sal and Marr and West7bMal] based on critical reviews of the available
experimental and theoretical evidence. In addition, Samson has provided an updated version of neon
data based upon more recent unpublished @dt84].

As in all elements there are energy ranges where resonances are expected to occur and the
photoionization cross section shows rapid variations. In neon these ranges are (a) the narrow range
between the two lowest states of the neon ion core (2123666 eV), (b), the range immediately
below the ionization threshold for 2s electrons €édge) from 45 to 50 eV and (c), the range about
the 1s ionization threshold (K edge) at 870 eV. Data in these ranges will be given in Section 1.3.

In the region below the second resonant range (threshold to 45 eV) there is good agreement
between the new values of Samson and the recommended values of Marr and West as shown in
Table 9. The major difference is in the range extending to about 5 eV above threshold where the new
data of Samson s 3 % higher than the values of Marr and West.

In the energy range between 40 and 280 eV the neon cross section has been measured by
essentially the same experimentalists as was the case for helium. Fig. 2 shows the results obtained by
Marr and West6Mal], Henke p7He1, Denne [0Del, Watson [2Wa1, Cole et al. {8CoJ and
the new results of Samso#l/Sal. There is good agreement between all of these measurements with
the exception that the results of Marr and West appear to be somewhat larger than the other
measurements in the energy range from about 80 to 180 eV. Selected data from these authors is
given in Table 10.

There have been few measurements in the energy range between 280 eV and 860 eV (10 eV
below the K ionization threshold). The available measurements in this range from H&iea]|
Bearden §6Be] and Wuilleumier §9Wu1l are shown in Table 11.

In the energy range above the K ionization threshold to 10 keV there have been a number of
measurements using X-ray line sources. A summary of these measurements is given in Table 12. In
addition to the measurements using line sources, Wuilleumier's measurements using a continuum

source are shown in Table 13. A comparison of his data with the line source data of Table 12 is
shown in Fig. 3.

2
am ]

Fig. 2. Neon cross sections from 40
to 280 eV from various sources:
1[76Mal, 2[91Sal, 3[72Wal],
o L ! ! ! ! ! ! ! ! ! ! ! \ 4[70De], 5[78Co1], 6 [67He].

40 60 80 100 120 140 160 180 200 220 240 260 280

Photon energy [eV]

Photoionization cross section [10
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Overall, with the exception of the energy range from 50 to 280 eV mentioned above and the
omitted resonance regions the good agreement between different experiments means that the total
photoionization cross section for neon is known to an accuracy of about 3% over the entire energy
range from threshold to 12 keV. Although most of the measurements were of photon attenuation
rather than of the total photoionization cross section corrections for scattering are much smaller than
for helium as shown in Table 3.

Table 9. Photo attenuation cross sections for neon at
incident energies between 22 and 44 eV. Data from
[91Sa] and [f6Ma] (interpolated).

Energy [eV] Cross section [1¥ cnf] Ratio

91Sal 76Mal
22.0 6.68 6.50 0.972
24.0 7.73 7.53 0.974
26.0 8.40 8.20 0.976
28.0 8.82 8.59 0.974
30.0 9.00 8.84 0.982
32.0 9.10 8.95 0.983
34.0 9.11 8.96 0.984
36.0 8.90 8.90 1.000
38.0 8.72 8.80 1.009
40.0 8.55 8.68 1.015
42.0 8.41 8.53 1.014
44.0 8.27 8.37 1.012
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Table 10. Photo attenuation cross sections for neon at incident
energies between 50 and 280 &¥.from [72Wal], %) [67Hel],
% [70De1, %) [31Del.

Energy [eV] Cross section [1 cnf]

91Sal 76Mal 70Del Other

50.00 7.81
50.60 7.76
55.00 7.35
55.10 7.34
60.00 6.81
60.48 6.86
63.10 6.40
65.00 6.36
65.25 6.45
66.80 6.23
70.00 5.96
70.70 5.86
70.85 6.00
74.90 5.59
75.00 5.58
75.14 5.68
79.30 5.31
79.99 5.35
80.00 5.20
84.30 4.89
85.00 4.84
85.50 4.99
90.00 4.50
95.00 4.17
95.37 4.43
95.50 4.22
100.00 3.86
102.00 3.59
103.30 4.03
105.00 3.57
109.00 3.39
109.00 3.42)
110.00 3.31
112.70 3.50
115.00 3.07
116.00 2.94
120.00 2.84
124.00 2.98
129.20 2.76
137.80 2.44
144.00 1.93
147.00 1.90)
147.60 2.12
155.00 1.68
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Energy [eV] Cross section [1 cnf]

91Sal 76Mal 70Del  Other
159.00 1.82
167.00 1.42
172.20 1.52
181.00 1.17
182.30 1.35
183.00 1.3%)
183.00 1.20)
193.00 1.16)
193.70 1.17
196.00 0.968
206.60 0.992
214.00 0.796
229.60 0.756
233.00 0.662
237.00 0.667)
248.00 0.620
269.50 0.500
278.00 0459)
278.00 0.457)
278.00 0.439)

Table 11. Photo attenuation cross sections for
neon at incident energies between 280 and

860 eV.

Energy Cross sectionRef.
[eV] [107%* cn?]

391.0 185.0 67Hel
526.0 87.1 67Hel
676.0 43.9 67Hel
774.0 30.1 67Hel
825.0 25.9 69Wul
830.0 25.6 69Wul
836.0 25.3 69Wul
842.0 24.9 69Wul
847.0 24.7 69Wul
852.0 25.0 66Bel
853.0 24.4 69Wul

859.0 24.2 69Wul

Landolt-Bornstein
New Series I/17A



1-12

1 Photon interactions with atoms

[Ref. p. 1-77

Table 12.Photo attenuation cross sections for neon at energies between 0.9 and 10 keV from various

sources.

Energy [eV]

Cross section [18 cnf]

30Wol 66Bel 30Co1 67Hel 70Mc2 74Mil
930.0 329.000
1012.0 258.000
1254.0 144.000 145.000 144.000
1487.0 92.160 92.300 93.000
1557.0 81.000
1778.0 57.880
2293.0 25.990 25.800
2395.0 25.570
2838.0 16.020
2984.0 13.940 14.100
3151.0 11.930
3444.0 9.350 9.450
3662.0 7.740
4508.0 4.360 4.190 4.243
5414.0 2.510 2.550 2.474
5420.0 2.520
5895.0 1.910
6404.0 1.500 1.507
7472.0 0.938
8041.0 0.750
8048.0 0.737
8631.0 0.621
8930.0 0.533
9243.0 0.503
9876.0 0.410

Table 13.Photo attenuation cross sections for neon at energies between 0.87 and &0WeN].[

Energy Cross section Energy Cross section Energy Cross section
[eV] [107** cnf] [eV] [10%* cn] [eV] [10%* cn]
0.871E+03 0.387E+06 0.966E+03 0.291E+06 0.109E+04 0.214E+06
0.877E+03 0.373E+06 0.974E+03 0.286E+06 0.110E+04 0.209E+06
0.884E+03 0.368E+06 0.982E+03 0.280E+06 0.110E+04 0.205E+06
0.890E+03 0.362E+06 0.990E+03 0.274E+06 0.111E+04 0.200E+06
0.896E+03 0.355E+06 0.998E+03 0.268E+06 0.113E+04 0.195E+06
0.903E+03 0.349E+06 0.101E+04 0.262E+06 0.114E+04 0.190E+06
0.910E+03 0.342E+06 0.101E+04 0.257E+06 0.115E+04 0.186E+06
0.916E+03 0.335E+06 0.102E+04 0.251E+06 0.116E+04 0.181E+06
0.923E+03 0.329E+06 0.103E+04 0.245E+06 0.117E+04 0.177E+06
0.930E+03 0.322E+06 0.104E+04 0.240E+06 0.118E+04 0.173E+06
0.937E+03 0.316E+06 0.105E+04 0.235E+06 0.119E+04 0.168E+06
0.944E+03 0.310E+06 0.106E+04 0.229E+06 0.120E+04 0.164E+06
0.952E+03 0.303E+06 0.107E+04 0.224E+06 0.121E+04 0.160E+06
0.959E+03 0.297E+06 0.108E+04 0.220E+06 0.123E+04 0.155E+06
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Energy Cross section Energy Cross section Energy Cross section
[eV] [107** cn] [eV] [107%* cn] [eV] [107%* cn]
0.124E+04 0.151E+06 0.192E+04 0.456E+05 0.317E+04 0.113E+05
0.125E+04 0.147E+06 0.193E+04 0.448E+05 0.321E+04 0.107E+05
0.126E+04 0.144E+06 0.195E+04 0.440E+05 0.326E+04 0.104E+05
0.128E+04 0.140E+06 0.196E+04 0.431E+05 0.330E+04 0.101E+05
0.129E+04 0.137E+06 0.198E+04 0.422E+05 0.334E+04 0.985E+04
0.130E+04 0.133E+06 0.200E+04 0.414E+05 0.339E+04 0.948E+04
0.132E+04 0.130E+06 0.201E+04 0.399E+05 0.344E+04 0.905E+04
0.133E+04 0.126E+06 0.203E+04 0.391E+05 0.349E+04 0.865E+04
0.135E+04 0.123E+06 0.205E+04 0.381E+05 0.353E+04 0.838E+04
0.136E+04 0.119E+06 0.206E+04 0.375E+05 0.359E+04 0.814E+04
0.137E+04 0.115E+06 0.208E+04 0.365E+05 0.364E+04 0.791E+04
0.139E+04 0.111E+06 0.210E+04 0.359E+05 0.369E+04 0.771E+04
0.141E+04 0.109E+06 0.212E+04 0.349E+05 0.375E+04 0.747E+04
0.142E+04 0.106E+06 0.213E+04 0.340E+05 0.381E+04 0.710E+04
0.144E+04 0.103E+06 0.215E+04 0.331E+05 0.387E+04 0.684E+04
0.146E+04 0.995E+05 0.217E+04 0.324E+05 0.393E+04 0.654E+04
0.147E+04 0.952E+05 0.219E+04 0.315E+05 0.399E+04 0.623E+04
0.149E+04 0.937E+05 0.221E+04 0.308E+05 0.406E+04 0.603E+04
0.151E+04 0.910E+05 0.223E+04 0.297E+05 0.412E+04 0.570E+04
0.153E+04 0.878E+05 0.225E+04 0.291E+05 0.419E+04 0.540E+04
0.155E+04 0.848E+05 0.227E+04 0.285E+05 0.427E+04 0.509E+04
0.156E+04 0.823E+05 0.229E+04 0.278E+05 0.434E+04 0.486E+04
0.157E+04 0.802E+05 0.231E+04 0.271E+05 0.442E+04 0.456E+04
0.158E+04 0.765E+05 0.233E+04 0.264E+05 0.450E+04 0.426E+04
0.159E+04 0.761E+05 0.236E+04 0.257E+05 0.458E+04 0.402E+04
0.160E+04 0.755E+05 0.238E+04 0.253E+05 0.467E+04 0.382E+04
0.161E+04 0.740E+05 0.240E+04 0.245E+05 0.476E+04 0.362E+04
0.162E+04 0.727E+05 0.243E+04 0.239E+05 0.485E+04 0.342E+04
0.163E+04 0.713E+05 0.245E+04 0.231E+05 0.495E+04 0.323E+04
0.164E+04 0.700E+05 0.247E+04 0.226E+05 0.505E+04 0.307E+04
0.165E+04 0.687E+05 0.250E+04 0.220E+05 0.515E+04 0.286E+04
0.166E+04 0.667E+05 0.253E+04 0.214E+05 0.526E+04 0.272E+04
0.167E+04 0.659E+05 0.255E+04 0.206E+05 0.538E+04 0.267E+04
0.168E+04 0.650E+05 0.258E+04 0.201E+05 0.550E+04 0.250E+04
0.170E+04 0.639E+05 0.260E+04 0.195E+05 0.562E+04 0.234E+04
0.171E+04 0.627E+05 0.263E+04 0.192E+05 0.575E+04 0.212E+04
0.172E+04 0.618E+05 0.266E+04 0.185E+05 0.589E+04 0.194E+04
0.173E+04 0.609E+05 0.269E+04 0.180E+05 0.603E+04 0.165E+04
0.174E+04 0.597E+05 0.272E+04 0.174E+05 0.619E+04 0.152E+04
0.176E+04 0.582E+05 0.275E+04 0.170E+05 0.634E+04 0.143E+04
0.177E+04 0.574E+05 0.278E+04 0.163E+05 0.651E+04 0.132E+04
0.178E+04 0.560E+05 0.281E+04 0.159E+05 0.669E+04 0.121E+04
0.179E+04 0.551E+05 0.284E+04 0.154E+05 0.687E+04 0.112E+04
0.181E+04 0.542E+05 0.288E+04 0.150E+05 0.707E+04 0.104E+04
0.182E+04 0.533E+05 0.291E+04 0.144E+05 0.728E+04 0.948E+03
0.183E+04 0.524E+05 0.295E+04 0.140E+05 0.750E+04 0.868E+03
0.185E+04 0.512E+05 0.298E+04 0.134E+05 0.773E+04 0.791E+03
0.186E+04 0.502E+05 0.302E+04 0.129E+05 0.798E+04 0.717E+03
0.187E+04 0.493E+05 0.305E+04 0.125E+05 0.825E+04 0.654E+03
0.189E+04 0.481E+05 0.309E+04 0.123E+05

0.190E+04 0.467E+05 0.313E+04 0.118E+05
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1.2.5 Cross sections for argornZ(= 18)

For argon there have been a number of measurements in the energy range immediately above the first
ionization potential (15.76 eV). As is the case in all of the heavier rare gases there is a resonance
region between the ionization threshold and the first excited level of the ionic core (15.93 eV).
Measurements in this energy range will be discussed in Section 1.3 as will the resonance regions
near the inner subshell ionization potentials (26...30 eV, 245...255 eV and 3190...3220 eV).

In the energy range between 16 and 26 eV there have been a number of measurements of
ionization cross sections. The recommended values of Sarfd&aJand the tabulation given by
Marr and West{6Mal] are given in Table 14 and are also shown in Fig. 4 along with data from Lee
and Weisslerg5Le]],Rustgi [p4Ru] and Carlson et al.7/BCal. The data of Carlson et al. was only
presented in graphical form which means that a comparison to any better than 3 % is unwarranted.
The figure shows that although there is good deal of scatter in the earlier data, there is essential
agreement between the recommended data of Samson and the compilation of Marr and West to with
about 3 %. Samson et alB9dSal have made careful measurements of the rare gases with an
expected accuracy of 1% at selected wavelengths. The results for argon at energies of 16.67,16.85
and 21.22 which form the basis of their recommended values are also shown in Fig. 4.

At energies above the resonance region between 30 and 100 eV the cross section drops rapidly to
a minimum at approximately 48 eV and then rises to a maximum at approximately 70 eV. Data from
various sources in this energy range are shown in Fig. 5. Owing to the rapid variation with energy
the cross section is not known accurately to better than 10 % in this energy range. Values of the
cross section obtained by various authors are shown in Table 15.

In the energy range between 100 and 240 eV data are shown in Table 16 from Marr and West
[76Mal], Lukirskii et al. p3Lul], Watson f2Wal, Henke p7Hel and Denne{0De]. In general
there is good agreement between the various data sets.

The available data in the energy range from 255 to 1000 eV is shown in Table 17. All of these
measurements are of total attenuation and with the exception of the recent measurement by Yang et
al. [87Yal] and that of Wuilleumiur§9Wu1l were done using line sources. With the exception of a
few points the agreement is better than 10 % over the entire energy range. At energies between
1 keV and the K ionization threshold the agreement between various sources is even better as is
shown in Table 18. All of these measurements used line sources and all of the measurements were of
total attenuation with the exception of the work of Woerr8&VWol who used a double ion
chamber. The measurements of Wuilleum&9\Wu1l done at closely spaced energies are shown in
Table 19 and are in good agreement with the line source data. The same type of data for energies
above the K ionization threshold is shown in Tables 20 and 21. In general, there is agreement to
better than 10 % in this energy range also.
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Table 14.Photon attenuation cross sections for argon in the energy range between 16 and 26 eV.

Energy [eV] Cross section [1H cn?] Energy [eV] Cross section [I8 cnf]
76Mal 91Sal 89Sal 76Mal 91Sal
16.10 30.3 30.9 19.68 36.6 35.6
16.67 32.3 20.00 36.7 35.7
16.31 31.1 31.7 20.32 36.8 35.8
16.53 31.8 32.1 20.66 36.7 35.9
16.75 32.5 32.5 21.01 36.7 35.9
16.85 32.7 21.38 36.5 35.8
16.98 33.1 32.9 21.75 36.3 35.7
17.22 33.7 33.3 22.14 36.1 35.6
17.46 34.2 33.7 22.54 35.7 35.4
17.71 34.7 34.1 22.96 35.4 35.2
17.97 35.1 34.4 23.39 34.9 34.9
18.23 35.5 34.6 23.84 34.4 34.4
18.50 35.8 34.9 24.31 33.8 34.2
18.78 36.1 35.1 24.80 33.1 33.7
19.07 36.3 35.3 25.30 32.3 33.1
19.37 36.5 35.5 25.83 31.4 32.6
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Fig. 5. Argon cross sections
between 30 and 100 eV from
X various sources: 1[76Mal],
\ 2 [63Lul], 3[91Sal, 4 [64Al1].
30 40 50 60 70 80 90 100

Photon energy [eV]

Table 15.Photon attenuation cross sections for argon in the energy range between
30 and 100 eV.

Energy [eV] Cross section [1IH cn?]

91Sal 76Mal 63Lul 64Al1 72Wal
30.24 21.0 22.7
30.99 19.0 21.0
31.79 17.1 19.1
32.63 14.8 17.1
34.44 10.6 12.8
35.42 8.55 10.3
36.46 6.75 7.77
37.57 5.19 6.10
38.15 4.51
38.74 3.87 4.62
39.99 2.77 3.41
40.65 2.33
40.80 2.6
41.33 1.97 2.47
42.03 1.66
42.75 1.75 1.77
43.50 1.20
44.28 1.05 1.30
45.08 0.94
45.92 0.85 1.03
46.40 0.7
47.68 0.74 0.914
48.62 0.74
49.30 1.18
49.59 0.75 0.916
50.60 0.78
51.00 0.8

51.66 0.81 1.00
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Energy [eV] Cross section [1 cnf]

91Sal 76Mal 63Lul 64AI1 72Wal
52.20 0.9
52.76 0.85
53.90 0.89 1.32
55.10 0.94
56.35 0.99 1.28
60.48 1.13
61.99 1.18 1.42
63.10 1.26
65.00 1.49
65.25 1.27
66.80 1.33
67.02 131
68.88 1.35 1.48
70.60 1.57
70.70 1.38
70.85 1.38
72.93 1.40
74.90 1.40
75.14 141
75.40 1.54
77.49 1.42 1.47
79.30 1.44
79.99 1.42
82.65 1.41
84.30 1.41
85.50 1.40
85.56 1.38 1.41
88.90 1.45
91.84 1.35
95.37 1.32 1.36
95.50 1.33
99.18 1.28

Table 16. Photon attenuation cross sections for argon in the energy range from
100 to 240 eV.

Energy [eV] Cross section [t cnf]

72Wal 63Lul 67Hel 70Del 76Mal
101.7 1.262
103.3 1.29
108.6 1.202
108.9 1.293
112.7 1.20
114.3 1.166

116.3 1.105
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Energy [eV] Cross section [1 cnf]

72Wal 63Lul 67Hel 70Del 76Mal

124.0 1.10
124.5 1.049

128.0 1.012

130.5 1.05
133.5 0.938

137.8 0.987
143.5 0.863

145.9 0.923
147.2 0.842

151.0 0.781

151.2 0.736

154.9 0.737

155.0 0.856
165.3 0.785
166.9 0.666

171.0 0.598

171.7 0.660

172.5 0.625

177.1 0.709
180.8 0.584

182.6 0.608

183.4 0.592

190.7 0.630
192.2 0.486

192.6 0.543

196.2 0.521

217.2 0.443

234.0 0.344

236.9 0.360

Table 17. Photon attenuation cross sections for argon in the energy range from
255 to 1000 eV?) from [31De1, ?) from [66Be].

Energy [eV] Cross section [IH cnf]

87Yal 63Lul 67Hel 69Wul  Other
256.0 3.52
267.0 3.10
277.0 3.03)
278.0 3.03
282.0 2.70
354.0 2.40
391.4 2.00
413.0 1.65
442.0 1.53

477.0 131
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Energy [eV] Cross section [1 cnf]

87Yal 63Lul 67Hel 69Wul  Other
496.0 1.08
517.0 1.12
526.0 1.06
539.0 1.02
564.0 0.933
590.0 0.830
620.0 0.737
620.0 0.656
651.0 0.668
676.8 0.593
687.0 0.580
728.0 0.505
773.0 0.432
774.9 0.424
824.0 0.365
826.5 0.314
852.0 0.305)
865.0 0.324
871.0 0.318
877.0 0.312
883.0 0.315
884.0 0.305
890.0 0.301
896.0 0.295
903.0 0.289
910.0 0.284
916.0 0.278
923.0 0.272
928.7 0.270
930.0 0.267 0.268
937.0 0.262
944.0 0.256
950.0 0.262
952.0 0.252
959.0 0.246
966.0 0.240
974.0 0.236
982.0 0.231
990.0 0.226
998.0 0.221
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Table 18.Photon attenuation cross sections for argon in the energy range between
1000 and 3190 eV. *) fronB[LSp].

Energy [eV] Cross section [1% cn?]

30Wol 63Lul 67Hel 66Bel 75Lo1
1012.0 212.0
1033.0 180.7
1254.0 123.7 123.0 117.0
1378.0 87.4
1487.0 76.7 78.3 76.2
1557.0 69.0
1771.0 45.4
1778.0 49.6 50.5)
2293.0 23.9 20.9
2395.0 21.5
2480.0 18.9
2622.0 16.2
2838.0 13.4
2839.0 12.9
2984.0 11.6 11.5
2991.0 11.3)
3100.0 10.0
3134.0 9.77
3142.0 10.0)
3151.0 10.13

Table 19. Photon attenuation cross sections for argon in the energy range from 1000 to 3190 eV
from [69Wu1].

Energy Cross section Energy Cross section Energy Cross section
[eV] [10* cnr] [eV] [10% cn] [eV] [10% cn]
1006.0 216.0 1167.0 146.0 1390.0 90.2
1014.0 211.0 1178.0 142.0 1406.0 87.0
1022.0 207.0 1190.0 138.0 1422.0 84.8
1031.0 202.0 1201.0 134.0 1438.0 82.1
1040.0 197.0 1213.0 131.0 1455.0 79.8
1048.0 192.0 1225.0 128.0 1473.0 77.1
1057.0 189.0 1237.0 124.0 1490.0 75.6
1066.0 185.0 1250.0 121.0 1509.0 73.3
1076.0 181.0 1262.0 118.0 1527.0 70.4
1085.0 177.0 1275.0 114.0 1546.0 68.3
1095.0 173.0 1289.0 111.0 1556.0 67.7
1104.0 168.0 1302.0 108.0 1566.0 67.1
1114.0 165.0 1316.0 105.0 1576.0 66.6
1125.0 161.0 1330.0 102.0 1586.0 64.4
1135.0 157.0 1345.0 99.7 1596.0 63.7
1145.0 153.0 1359.0 96.5 1607.0 63.3

1156.0 150.0 1374.0 93.1 1617.0 61.9
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Energy Cross section Energy Cross section Energy Cross section
[eV] [107%* cnr] [eV] [107% cn] [eV] [107% cn]
1628.0 61.1 1933.0 36.9 2499.0 18.0
1638.0 60.3 1948.0 35.9 2525.0 17.5
1649.0 59.0 1964.0 34.8 2551.0 17.0
1660.0 57.0 1979.0 34.4 2577.0 16.6
1672.0 55.7 1995.0 33.4 2604.0 16.4
1683.0 55.1 2012.0 32.2 2632.0 16.3
1695.0 53.9 2028.0 31.3 2660.0 15.8
1706.0 52.7 2045.0 30.4 2689.0 15.4
1718.0 51.8 2062.0 29.5 2719.0 15.1
1730.0 50.8 2079.0 29.1 2749.0 14.5
1742.0 49.7 2097.0 28.8 2780.0 14.1
1755.0 49.0 2115.0 28.3 2812.0 13.7
1767.0 48.2 2133.0 27.0 2844.0 13.5
1780.0 47.2 2151.0 25.9 2877.0 13.1
1793.0 46.2 2170.0 24.8 2911.0 12.7
1806.0 44.4 2190.0 23.9 2945.0 12.1
1819.0 43.6 2209.0 23.4 2981.0 11.9
1833.0 41.9 2229.0 22.8 3017.0 11.4
1846.0 41.8 2249.0 22.5 3054.0 10.6
1860.0 40.3 2270.0 21.8 3093.0 10.3
1874.0 39.1 2291.0 21.2 3132.0 10.1
1889.0 38.1 2402.0 20.3 3172.0 10.0
1903.0 37.7 2450.0 19.6

1918.0 37.4 2474.0 19.0

Table 20.Photon attenuation cross sections for argon in the energy range from 3.25 to 10 keV from
selected sources.

Energy Cross section Ref, Energy Cross section Ref.

[eV] [107% cnr] [eV] [107% cn]

3336.0 87.560 31Sp1 6404.0 18.200 66Bel
3444.0 80.260 30Wol 6925.0 11.690 75L01
3444.0 97.400 66Bel 7472.0 9.518 74Mil
3662.0 67.990 30Wol 8000.0 8.16 62Bul
4089.0 48.050 75Lo01 8041.0 7.462 32Cr1l
4508.0 37.000 70Mc2 8041.0 7.811 74Mil
4508.0 37.210 74Mil 8048.0 7.830 66Bel
5411.0 24.200 66Bel 8060.0 7.500 30Co1
5411.0 23.340 74Mil 8067.0 7.429 31Sp1
5412.0 22.890 75Lo01 8631.0 6.353 74Mil
5414.0 23.480 30Wol 8631.0 6.324 75Lo1
5414.0 28.000 66Bel 8930.0 5.640 30Co1
5420.0 22.330 30Co1 9000.0 5.57 62Bul
5428.0 22.820 31Sp1 9243.0 5.290 70Mc2
5895.0 18.200 70Mc2 9876.0 4.341 74Mil
5946.0 18.700 30Co1 10000.0 4,18 62Bul

6400.0 14.700 74Mil
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Table 21. Photon attenuation cross sections for argon in the
energy range from 3.25 to 8.5 keV fro68Wul.

Energy Cross section  Energy Cross section
[eV] [107%* cnf] [eV] [107%* cn?]
3255.0 91.0 4758.0 33.8
3299.0 88.9 4851.0 31.8
3343.0 85.9 4948.0 29.7
3389.0 83.7 5049.0 28.7
3436.0 79.1 5154.0 27.1
3485.0 77.3 5264.0 24.8
3534.0 74.2 5378.0 24.0
3586.0 72.2 5498.0 23.0
3638.0 69.6 5623.0 21.2
3693.0 66.9 5754.0 20.0
3749.0 64.5 5891.0 19.2
3806.0 62.2 6034.0 17.1
3866.0 58.2 6185.0 16.5
3927.0 55.1 6344.0 15.6
3990.0 53.9 6511.0 14.7
4056.0 52.4 6687.0 13.7
4124.0 48.8 6872.0 12.8
4193.0 45.6 7069.0 11.9
4266.0 43.9 7277.0 10.8
4340.0 42.4 7497.0 9.88
4418.0 40.9 7732.0 8.95
4498.0 39.3 7981.0 8.16
4582.0 37.1 8247.0 7.36
4668.0 36.2

1.2.6 Cross sections for kryptonZ4 = 36)

There is a resonance range in krypton between the ionization potential (14.00 eV) and 14.7 eV and
another one between 25 and 30 eV. The cross section in the range from 15 to 25 eV is shown in
Fig. 6. The two curves show the recommended values of Marr and WR&e¢ia]] and Samson

[91Sa]l. Earlier results of Pery-Thorne and Gart@®Pe] and Rustgi et al.§4Rug show a good

deal of scatter but the recommended values have the same general shape with the values of Samson
being approximately 6 % higher than those of Marr and West. Their results are shown in tabular
form in Table 22 along with the highly accurate values of Samson e8%8all at three selected
wavelengths.

The same is true in the energy range between 30 and 90 eV as shown in Fig. 7. The discrepancy
is about 15 % at the minimum of the cross section. Both sets are much lower than the measured
values of Lang and WatsoigLa]]. All of these results are given in Table 23.

Between 100 and 200 eV there have been a number of measurements made in addition to the
recommended values of Marr and West as shown in Fig. 8 and in Table 24. The earlier results of
Lukirskii et al. p4Lul] seem to scatter and those of Haensel et68Hp] seem too low at 150 eV.

There is good agreement between the recommended values of Marr and West and the data of Henke
[67He] but the values of Lang et alf§Lal] are higher as they are at lower energies. In view of the
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disagreement between these sources one must conclude that the cross section in this energy range is

not known to better than 10 %.
In the energy range between 300 and 800 eV there are only a few measurements as shown in

Table 25. The values of Henke in this energy range are probably the most reliable since they agree

with the tabulation of Marr and West at lower energies and with the data of Wuille@@&ufl] at

higher energies as shown in Table 25.
The energy range between 1.6 and 2.0 keV contains the L edges and will be treated in Section

1.3. In the energy range from 2 to 10 keV the only measurements are those of Wuill&@Wied]

and those of McCrary et al7QMcZ. Their data are shown in Table 26 and the agreement is

excellent.
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Fig. 7. Krypton cross sections from
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Table 22.Photon attenuation cross sections for krypton in the energy range between 15 and 25 eV.

Energy [eV] Cross section [1IH cn?] Energy [eV] Cross section [I8 cnf]
76Mal 91Sal 89Sal 76Mal 91Sal 89Sal

15.0 44.96 18.78 40.2

15.12 41.2 19.0 42.53

15.31 41.8 19.07 39.8

15.4 45.34 19.37 39.3

15.50 42.3 19.5 41.74

15.69 42.6 19.68 38.8

15.8 45.50 20.00 38.3 40.85

15.89 42.8 20.32 37.7

16.1 42.9 20.5 39.86

16.2 45.44 20.66 37.1

16.31 42.9 21.00 36.4 38.78

16.40 45.36 21.22 38.31

16.53 42.8 21.38 35.7

16.60 45.23 21.50 37.70

16.67 44.90 21.75 35.0

16.75 42.7 22.00 36.60

16.80 45.08 22.14 34.2

16.85 44.87 22.50 35.48

16.98 42.5 22.54 33.3

17.00 44,92 22.96 32.4

17.20 44,73 23.00 34.34

17.22 42.2 23.39 31.4

17.40 44.54 23.50 33.19

17.46 42.0 23.84 30.4

17.60 44.34 24.00 32.02

17.71 41.7 24.31 29.3

17.80 44,12 24.50 30.82

17.97 41.4 24.80 28.2

18.00 43.84 25.00 29.15

18.23 41.0 25.30 27.0

18.50 40.6 43.25
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Table 23.Photon attenuation cross section of krypton in the energy range from 30 to 90 eV.

Energy [eV] Cross section [IH cnf] Energy [eV] Cross section [I8 cn]
76Mal 91Sal 75Lal 76Mal 91Sal 75Lal

30.00 17.2 59.00 0.703

30.24 16.5 59.04 0.838

31.00 15.1 15.3 60.00 0.674

31.79 13.8 61.00 0.650

32.00 13.6 62.00 0.789 0.628

32.63 12.5 62.50 0.692

33.00 11.9 63.00 0.610

33.51 11.2 64.00 0.595

34.00 10.3 65.00 0.582

34.44 9.96 65.25 0.737

35.00 8.80 66.00 0.570

35.42 8.78 66.80 0.618

36.00 7.64 67.00 0.560

36.46 7.67 68.00 0.552

37.00 6.70 68.88 0.697

37.57 6.62 69.00 0.544

38.00 5.85 70.00 0.537

38.74 5.66 70.60 0.610

39.00 5.24 71.00 0.534

40.00 4.78 4.43 72.00 0.530

41.00 3.86 72.93 0.671

41.33 3.98 73.00 0.527

42.00 3.36 74.00 0.525

42.75 3.43 74.90 0.573

43.00 2.95 75.00 0.524

44.00 2.58 76.00 0.523

44,28 2.93 77.00 0.522

45.00 2.28 77.49 0.652

45.92 2.47 78.00 0.521

46.00 2.02 79.00 0.520

46.68 2.05 79.40 0.558

47.00 1.80 80.00 0.519

48.00 1.62 81.00 0.518

49.00 1.47 82.00 0.518

49.59 1.68 82.65 0.633

50.00 1.34 83.00 0.518

51.00 1.21 84.00 0.519

51.66 1.36 84.30 0.551

52.00 1.10 85.00 0.520

53.00 1.01 86.00 0.522

53.90 1.11 87.00 0.523

54.00 0.934 88.00 0.525

55.00 0.865 88.56 0.607

56.00 0.817 89.00 0.528

56.35 0.943 89.60 0.577

57.00 0.773 90.00 0.530

58.00 0.735
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Table 24. Photon attenuation cross section for krypton in the energy range

between 100 and 200 eV.

Energy [eV]

Cross section [18 cnf]

76Mal

75Lal

69Ha2

67Hel 64Lul

100.0
101.6
103.3
105.0
105.7
108.9
110.0
112.7
1141
1145
115.0
120.0
124.0
124.2
125.0
130.5
133.3
137.8
143.3
145.9
147.2
150.0
151.2
154.4
155.0
165.3
171.7
177.1
180.2
182.6
190.7
192.7
195.6

1.55

2.04

2.97

3.50

4.01

4.49

4.88
5.16

5.31

5.31

1.35

1.53

2.25

2.99

3.95

4.58

5.10

521

5.32

1.32

1.55

2.00

2.23

2.55

2.96

4.05

1.81

2.49

4.51

3.32

3.47

4.98

3.64
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Table 25 Photon attenuation cross sections for krypton in the energy range
between 300 and 1600 eV.

Energy [eV] Cross section [1IH cn?]

67Hel 69Ha2 64Lul 76Mal
300.0 3.90
310.0 3.41
391.0 2.99
394.0 2.00
400.0 2.60
525.0 1.32
526.0 1.71
677.0 1.01
775.0 0.76
Energy [eV] Cross section [1 cnf] Energy [eV] Cross section [18 cn?]

69Wul 67Hel 69Wul 67Hel
825.0 0.666 1014.0 0.395
830.0 0.650 1022.0 0.387
836.0 0.640 1031.0 0.379
842.0 0.631 1040.0 0.370
847.0 0.623 1048.0 0.362
853.0 0.610 1057.0 0.354
859.0 0.600 1066.0 0.346
865.0 0.589 1076.0 0.339
871.0 0.579 1085.0 0.331
877.0 0.568 1095.0 0.323
884.0 0.557 1104.0 0.317
890.0 0.550 1114.0 0.309
896.0 0.538 1125.0 0.302
903.0 0.527 1135.0 0.296
910.0 0.518 1145.0 0.289
916.0 0.508 1156.0 0.281
923.0 0.498 1167.0 0.275
928.0 0.494 1178.0 0.268
930.0 0.491 1190.0 0.262
937.0 0.484 1201.0 0.257
944.0 0.474 1213.0 0.250
952.0 0.463 1225.0 0.243
959.0 0.454 1237.0 0.237
966.0 0.444 1250.0 0.232
974.0 0.436 1254.0 0.238
982.0 0.428 1262.0 0.226
990.0 0.419 1275.0 0.220
998.0 0.411 1289.0 0.215

1006.0 0.402 1302.0 0.210
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Energy [eV] Cross section [t cnf] Energy [eV] Cross section [I8 cnf]
69Wul 67HeO01 69Wul 67HeO01

1316.0 0.204 1487.0 0.152

1330.0 0.196 1490.0 0.148

1345.0 0.193 1509.0 0.144

1359.0 0.184 1527.0 0.140

1374.0 0.182 1546.0 0.135

1390.0 0.177 1556.0 0.133

1406.0 0.172 1566.0 0.131

1422.0 0.167 1576.0 0.129

1438.0 0.162 1586.0 0.127

1455.0 0.157 1596.0 0.125

1473.0 0.152

Table 26. Photon attenuation cross sections for krypton in the energy range between 1,600 and
10,000 eV from §9Wu]], *) values are fromq70McZ2].

Energy Cross section Energy Cross section Energy Cross section
[eV] [107%* cnf] [eV] [1072* cn?f] [eV] [107%* cn?f]
1607.0 123.0 1925.0 582.0 2474.0 314.0
1617.0 121.0 1933.0 576.0 2499.0 306.0
1628.0 118.0 1948.0 565.0 2525.0 298.0
1638.0 116.0 1964.0 554.0 2551.0 289.0
1649.0 114.0 1979.0 543.0 2577.0 280.0
1660.0 113.0 1995.0 534.0 2604.0 274.0
1672.0 111.0 2012.0 522.0 2632.0 266.0
1680.0 462.0 2028.0 513.0 2660.0 259.0
1683.0 456.0 2045.0 504.0 2689.0 251.0
1695.0 483.0 2062.0 494.0 2719.0 243.0
1706.0 441.0 2079.0 484.0 2749.0 236.0
1718.0 433.0 2097.0 475.0 2780.0 229.0
1723.0 431.0 2115.0 465.0 2812.0 222.0
1732.0 623.0 2133.0 455.0 2844.0 215.0
1742.0 613.0 2151.0 447.0 2877.0 208.0
1755.0 603.0 2170.0 437.0 2911.0 202.0
1767.0 592.0 2190.0 429.0 2945.0 196.0
1780.0 582.0 2209.0 419.0 2981.0 189.0
1793.0 573.0 2229.0 410.0 3017.0 182.0
1806.0 564.0 2249.0 401.0 3054.0 177.0
1819.0 556.0 2270.0 391.0 3093.0 172.0
1833.0 548.0 2291.0 383.0 3132.0 166.0
1846.0 540.0 2312.0 373.0 3172.0 160.0
1860.0 533.0 2334.0 363.0 3213.0 155.0
1874.0 526.0 2356.0 356.0 3255.0 149.0
1889.0 520.0 2379.0 348.0 3299.0 144.0
1903.0 515.0 2402.0 339.0 3343.0 139.0
1917.0 507.0 2426.0 330.0 3389.0 134.0

1918.0 508.0 2450.0 323.0 3436.0 130.0
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Energy Cross section Energy Cross section Energy Cross section
[eV] [107% cnr] [eV] [107% cn] [eV] [107% cn]
3485.0 126.0 4418.0 69.7 5891.0 32.8
3534.0 121.0 4498.0 66.4 5895.0 31.6)
3586.0 117.0 4508.0 64.8) 6034.0 30.5
3638.0 113.0 4582.0 63.2 6185.0 28.1
3693.0 109.0 4668.0 60.5 6344.0 26.2
3749.0 106.0 4758.0 57.2 6511.0 24.6
3806.0 103.0 4851.0 54.5 6687.0 22.8
3866.0 99.1 4948.0 51.8 6872.0 21.3
3927.0 94.9 5049.0 49.3 7069.0 19.8
3990.0 90.9 5154.0 46.6 7277.0 17.8
4056.0 87.4 5264.0 44.0 7497.0 16.8
4124.0 83.5 5378.0 41.5 7732.0 15.3
4193.0 79.9 5498.0 39.2 7981.0 14.2
4266.0 76.2 5623.0 36.6 8247.0 13.5
4340.0 72.8 5754.0 34.6 9243.0 9.1)

1.2.7 Cross sections for xenorZ(= 54)

Xenon has resonance regions similar to those in krypton below 14 eV and in the energy range
between 20 and 25 eV. Recommended values of the cross sections have been given by West and
Morton [78We] and by SamsorB[LSal and are shown in Table 27 for the energy range between 14

and 20 eV and are shown along with earlier data by Rustgi eéd4Ruf in Fig. 9. As in krypton,

the data of Rustgi et al. is scattered but there is good agreement between the two recommended data
sets. As in krypton, the two highly accurate data points measured by Samsor8@gall &re also

shown. The cross section is known in this energy range to better than 3 %.

Between 25 and 60 eV the cross section decreases rapidly as shown in Fig. 10. which gives data
from the same sources as Fig. 9. As in Fig. 9, the data of Rustgi et al. is scattered, but there is good
agreement between the two recommended data sets at the lower energies. At higher energies where
the cross section is low Samson's results are 10...15 % lower than those of West and Morton as is
shown in Table 28.

The cross section goes through a maximum at 100 eV and there have been a number of
measurements of the cross section in the energy range between 70 and 140 eV as shown in Fig. 11.
Data from a variety of sources is shown in Fig. 11 and tabulated in Table 29. There is good
agreement between the recommended values of West and Morton and of Samson over the entire
energy range.

There have also been a number of measurements in the energy range between 140 and 680 eV as
shown in Fig. 12 and listed in Table 30. There is much better agreement between the various sets for
energies up to about 300 eV. At higher energies there is moderately good agreement between the
results of Henkeg7HeJ and Lukirskii [66Lul].

The results of WuilleumiergPWul] between 955 eV and 4770 eV are shown in Table 31. These
data agree extremely well with the results made at various energies using line source sources. Data
are also shown for Xenon in the energy range above the L thresholds from 5500 eV to 8247 eV
[69Wu]] along with a single measurement made at 924372 in Table 32.
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Fig. 9. Cross sections for xenon
from 14 to 20 eV from various
sources: 1[78We], 2[91Sal,

3 [64Rud.

Fig. 10. Cross sections for xenon
from 25 to 60 eV from various
sources: 1[78Wel, 2[91Sal,

3 [64Rud.

Fig. 11. Cross sections for xenon
from 70 to 140 eV from various
sources: 1[78Wel, 2[91Sal,

3 [64Ed], 4 [69Ha], 5[64Lul],

6 [75La]], 7 [67He].
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Table 27.Photon attenuation cross sections for xenon in the energy range from 14 to 20 eV.

Energy [eV]

Cross section [18 cnf]

Energy [eV]

Cross section [I8 cn]

78Wel 91Sal 89Sal 78Wel 91Sal 89Sal
14.00 64.2 16.53 52.55
14.09 64.13 16.60 53.3
14.20 63.7 16.67 52.65
14.25 63.53 16.75 51.32
14.40 63.2 16.80 52.3
14.42 62.88 16.85 51.88
14.59 62.19 16.98 50.05
14.60 62.5 17.00 51.3
14.76 61.45 17.20 50.2
14.80 61.8 17.22 48.75
14.94 60.67 17.40 49.2
15.00 61.1 17.46 47.4
15.12 59.83 17.60 48.2
15.20 60.3 17.71 46.03
15.31 58.94 17.80 47.2
15.40 59.4 17.97 44.62
15.50 58.00 18.00 46.2
16.60 56.5 18.23 43.19
15.69 57.01 18.50 41.73 43.5
15.80 57.5 18.78 40.25
15.89 55.96 19.00 40.1
16.00 56.5 19.07 38.76
16.10 54.87 19.37 37.26
16.20 55.4 19.50 38.6
16.31 53.74 19.68 35.75
16.40 54.4 20.00 34.23 36.3
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Table 28.Photon attenuation cross section for xenon in the energy range from 25 to 60 eV.

Energy [eV] Cross section [IH cnf] Energy [eV] Cross section [I8 cn]
78Wel 91Sal 78Wel 91Sal

25.00 17.3 38.00 2.47
25.30 15.72 38.74 2.44

25.50 16.1 39.00 2.24
25.83 14.51 40.00 2.21 2.04
26.00 15.0 41.00 1.88
26.38 13.33 41.33 2.00

26.50 13.8 42.00 1.77
26.95 12.21 42.75 1.86

27.00 12.8 43.00 1.68
27.50 11.8 44.00 1.60
27.55 11.13 44.28 1.73

28.00 10.8 45.00 1.52
28.18 10.10 45,92 1.66

28.50 9.90 46.00 1.48
28.83 9.12 47.00 1.43
29.00 9.10 47.68 1.59

29.50 8.30 48.00 1.39
29.52 8.20 49.00 1.35
30.00 7.60 49.59 1.56

30.24 7.33 50.00 1.32
31.00 6.52 6.50 51.00 1.29
31.79 5.76 51.66 1.52

32.00 5.60 52.00 1.26
32.63 5.06 53.00 1.25
33.00 4.80 53.90 1.52

33.51 4.43 54.00 1.24
34.00 4.15 55.00 1.23
34.44 3.85 56.00 1.23
35.00 3.56 56.35 1.55

35.42 3.41 57.00 1.23
36.00 3.11 58.00 1.23
36.46 3.04 59.00 1.23
37.00 2.74 59.04 1.67

37.57 2.73 60.00 1.24
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Table 29. Photon attenuation cross sections for xenon in the energy range from 70 to 140 eV.
Y [64Lu1], ) [67He].

Energy [eV]

Cross section [18 cnf]

78Wel 91Sal 75Lal 69Ha2 64Ed1  Other
68.88 3.89
70.00 3.29 3.4
70.30 3.95
70.50 3.5
71.00 3.86 4.0
71.20 4.3
71.40 4.5
72.00 4.46 4.7
72.00 4.9
72.10 5.3
72.50 4.7
72.50 5.0
72.93 6.01
73.00 5.20
73.10 5.14
73.50 6.3
74.00 6.00
75.00 6.88 7.5 6.7
75.32 9.74%
75.50 7.9
76.00 7.83
76.50 9.5
76.60 8.19
77.00 8.78
77.49 9.27
78.00 9.74 10.8
80.00 11.97 11.75 12.9 12.5
81.00 12.78 11.0
82.00 13.9 16.5
82.50 17.0
82.65 15.27
83.00 15.0
84.00 16.2 17.0
85.00 17.5 18.8 18.5
85.50 18.75
86.00 18.8
86.30 18.0
87.00 20.1
88.00 21.3
88.56 22.04
88.88 26.81Y
89.00 22.5 19.5
90.00 23.6 24.8 22.5
90.10 26.0
90.70 22.2
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Energy [eV] Cross section [1 cnf]

78Wel 91Sal 75Lal 69Ha2 64Ed1  Other
91.00 24.5 26.5
91.84 24.7
92.00 25.3
92.50 26.5
93.00 25.9 26.5
93.50 25.5
94.00 26.5
94.50 27.5
95.00 27.0 27.8
95.37 26.5
95.50 31.0
96.00 27.3
96.10 24.9
97.00 27.6 27.5
98.00 27.8
98.50 24.5
99.00 27.9
99.18 27.1
99.50 25.0
99.70 27.0
100.00 27.9 28.6
101.00 27.8
102.00 27.6 25.5
103.30 26.3 27.3
104.00 26.9 32.0
105.00 26.4 27.0
105.50 31.5
106.00 25.7
107.00 25.1
107.80 24.1
108.00 24.3 22.5
108.60 22.0
108.90 18.97)
109.00 23.5
110.00 22.7 23.0
111.00 21.8
112.00 20.9
112.70 20.7
113.00 20.0 20.5
114.00 19.2
114.10 26.81)
115.00 18.3 18.7
116.00 17.4
116.10 16.6
116.50 17.5
117.00 16.5
118.00 15.7
118.10 16.3

118.50 17.0
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Energy [eV] Cross section [1 cnf]

78Wel 91Sal 75Lal 69Ha2 64Ed1  Other
119.00 14.8
120.00 14.0 14.1
121.00 13.2
122.00 12.3
123.00 11.5 17.5
124.00 11.4 10.7
124.20 10.5
124.50 12.5
125.00 10.0 10.8
126.00 9.30
126.50 9.64
127.00 8.65
127.50 10.0
128.00 8.05
128.50 8.8
129.00 7.50
129.10 8.11
130.00 7.00 7.7
131.00 6.60
131.90 6.78
132.00 6.20
133.00 5.80
134.00 5.40
134.80 5.64
135.00 5.10 54
135.20 4.76
136.00 5.2
137.50 4.1
140.00 3.96

Table 30.Photon attenuation cross sections for xenon in the energy range from 140
to 680 eV.}) from [64Ed1, ?) from [31De1, 3) from [69De].

Energy [eV] Cross section [IH cnf]

78Wel 75Lal 69Ha2 64Lyl 67Hel
66Lul

140.9 3.82

141.0 3.8

141.8 4.2

143.0 3.2

143.7 3.4

144.2 3.13

145.0 3.2

145.5 2.9

147.2 2.2
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Energy [eV] Cross section [1 cnf]

78Wel 75Lal 69Ha2 64Lyl 67Hel
66Lul
147.6 2.55 2.32
149.0 2.6)
150.0 2.3
151.2 2.08 1.86
154.0 2.3)
154.4 1.66
155.0 1.71
158.9 1.42
160.0 1.7
163.1 1.21
166.6 1.08
167.5 1.06
171.7 1.00
172.2 0.96
177.2 0.91
180.0 1.1
180.2 0.88
182.3 0.89
182.6 0.87
187.8 0.91
192.7 0.87
193.7 0.94
195.6 0.95
200.0 1.00 1.0
206.6 1.06
211.9 1.12
213.0 1.18
213.8 1.13
220.0 1.2
221.4 1.20
229.6 1.27
232.0 1.34
238.4 1.33
248.0 1.39
250.0 1.6
254.0 1.49
258.3 1.43
269.5 1.46
278.0 1.56
278.0 1.38 1.4%)
281.8 1.48
300.0 1.9
350.0 1.9
391.4 1.35
394.8 1.12
395.0 1.32
400.0 1.7

450.0 1.6
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Energy [eV] Cross section [1 cnf]

78Wel 75Lal 69Ha2 64Lyl 67Hel
66Lul

453.0 1.17

500.0 1.4

525.0 0.89

526.0 0.93

557.0 0.65

572.0 0.97

637.0 0.65

672.0 0.70)

675.0 0.80)

676.8 0.78

678.0 0.85)

680.0 1.00)

Table 31. Photon attenuation cross sections for xenon in the energy range from 950 to 4,750 eV.
from [69Wu1], 1) from [67He1], ?) from [66Lu1], ®) from [70Mc2).

Energy Cross section Energy Cross section Energy Cross section
[eV] [107* cnr] [eV] [107*8 cn] [eV] [107*8 cn]
952.00 1.820 1190.00 1.330 1527.00 0.830
955.00 1.810 1201.00 1.310 1546.00 0.809
959.00 1.790 1213.00 1.290 1556.00 0.798
966.00 1.770 1225.00 1.270 1566.00 0.786
974.00 1.740 1237.00 1.250 1576.00 0.775
982.00 1.730 1250.00 1.220 1586.00 0.764
990.00 1.720 1254.00 1.38) 1596.00 0.754
998.00 1.700 1254.00 1.17) 1607.00 0.742
1006.00 1.680 1262.00 1.200 1617.00 0.732
1014.00 1.670 1275.00 1.180 1628.00 0.720
1022.00 1.650 1289.00 1.160 1638.00 0.710
1031.00 1.640 1302.00 1.130 1649.00 0.698
1040.00 1.620 1316.00 1.110 1660.00 0.691
1048.00 1.600 1330.00 1.090 1672.00 0.680
1057.00 1.590 1345.00 1.070 1683.00 0.670
1066.00 1.570 1359.00 1.050 1695.00 0.658
1076.00 1.560 1374.00 1.030 1706.00 0.646
1085.00 1.540 1390.00 1.040 1718.00 0.637
1095.00 1.520 1406.00 0.983 1730.00 0.628
1104.00 1.500 1422.00 0.962 1742.00 0.618
1114.00 1.480 1438.00 0.938 1755.00 0.607
1125.00 1.460 1455.00 0.917 1767.00 0.596
1135.00 1.440 1473.00 0.897 1776.00 0.6006)
1145.00 1.420 1487.00 0.98) 1780.00 0.588
1156.00 1.400 1487.00 0.83) 1793.00 0.577
1167.00 1.380 1490.00 0.873 1806.00 0.563

1178.00 1.360 1509.00 0.853 1819.00 0.554
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Energy Cross section Energy Cross section Energy Cross section
[eV] [107* cnr] [eV] [107*8 cn] [eV] [107*8 cn]
1833.00 0.546 2312.00 0.306 3132.00 0.147
1846.00 0.535 2334.00 0.300 3172.00 0.142
1860.00 0.523 2356.00 0.293 3213.00 0.138
1874.00 0.515 2379.00 0.286 3255.00 0.133
1889.00 0.506 2402.00 0.279 3299.00 0.128
1903.00 0.497 2426.00 0.274 3343.00 0.124
1918.00 0.488 2450.00 0.267 3389.00 0.119
1933.00 0.476 2474.00 0.258 3436.00 0.115
1948.00 0.468 2499.00 0.255 3485.00 0.111
1964.00 0.457 2525.00 0.249 3534.00 0.107
1979.00 0.448 2551.00 0.244 3586.00 0.103
1995.00 0.438 2577.00 0.239 3638.00 0.099
2012.00 0.429 2604.00 0.230 3693.00 0.095
2028.00 0.420 2632.00 0.226 3749.00 0.092
2045.00 0.411 2660.00 0.220 3806.00 0.088
2062.00 0.404 2689.00 0.216 3866.00 0.085
2079.00 0.394 2719.00 0.209 3927.00 0.081
2097.00 0.386 2749.00 0.203 3990.00 0.078
2115.00 0.379 2780.00 0.199 4056.00 0.075
2133.00 0.372 2812.00 0.193 4124.00 0.072
2151.00 0.365 2844.00 0.188 4193.00 0.068
2170.00 0.356 2877.00 0.184 4266.00 0.066
2190.00 0.349 2911.00 0.177 4340.00 0.064
2209.00 0.340 2945.00 0.172 4418.00 0.060
2229.00 0.333 2981.00 0.167 4498.00 0.058
2249.00 0.328 3017.00 0.163 4508.00 0.06f)
2270.00 0.321 3054.00 0.157 4582.00 0.056
2291.00 0.313 3093.00 0.151 4668.00 0.053

Table 32.Photon attenuation cross sections for xenon in the energy range between 4,850 and 10,000
eV. From p9Wu1]. *) from [70McZ].

Energy Cross section Energy Cross section Energy Cross section
[eV] [107* cn] [eV] [107*8 cn] [eV] [107*8 cn]
4758.0 0.051 5378.0 0.158 6511.0 0.113
4791.0 0.144 5442.0 0.154 6687.0 0.105
4794.0 0.140 5461.0 0.182 6872.0 0.097
4851.0 0.138 5473.0 0.181 7069.0 0.090
4948.0 0.136 5498.0 0.178 7277.0 0.083
5049.0 0.134 5623.0 0.166 7497.0 0.077
5090.0 0.131 5754.0 0.156 7732.0 0.071
5114.0 0.179 5891.0 0.147 7981.0 0.065
5154.0 0.173 6034.0 0.138 8247.0 0.060
5208.0 0.169 6185.0 0.129 9243.0 0.0486)

5264.0 0.160 6344.0 0.121
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1.2.8 Cross sections for atomic oxygen and nitroge# € 8, 7)

Because they are important components of the earth's atmosphere the cross sections for absorption
and ionization of both atomic and molecular oxygen and nitrogen have been the subject of numerous
experimental and theoretical investigations and a recent compilation of data from both experimental
and theoretical sources is availab®2lFe]. Here we list only the experimental data for the absolute
photoionization cross sections of atomic oxygen and nitrogen in those energy ranges where there are
no resonances. In these ranges the cross sections are expected to be smoothly varying functions of
the energy. For atomic oxygen absolute measurements were made by Samson and8Paedek [
and van der Meer el al88Me]]. These measurements at 21.22 eV differed by about 40 % and it has
been pointed out via a sum rule analy$igge] that Samson and Pareek's value probably is more
nearly correct. Earlier measurements were made by C@#B8&0[] and at lower energies by Kohl et
al. [78Ko]]. Angel and Samsorm8BAn1]] extended the earlier measurements to higher energies and
normalized the new data to that of Samson and Pareek at 21.22 eV. In Table 33 we show the cross
sections from both of these sources from 28.8 eV, i.e., just above the energy where resonances occur,
to 280 eV. The accuracy of these data is probably better than 10 %.

For atomic nitrogen absolute measurements have been made by Ehler58Eal] by Comes
[68C07] at energies between threshold and 30 eV and by Samson and 8@§ell[from threshold
to 400 eV. Data from90Sa] from 44 eV, just above the range where resonant structure occurs, to
400 eV are given in Table 34.

There have been a number of measurements of relative cross sections and branching ratios for
both nitrogen and oxygen at lower energies and these will be discussed in Section 1.3.

For Table 33 see p. 1-40.

Table 34.Photoionization cross sections for nitrogen in the energy range between 44 and 400 eV.
From [90Sal.

Energy Cross section Energy Cross section Energy Cross section
[eV] [107* cn] [eV] [107*8 cn] [eV] [107*8 cn]
441 5.65 80.0 1.57 160.0 0.313
46.0 5.30 85.0 1.34 170.0 0.272
48.0 4,94 90.0 1.17 180.0 0.238
50.0 4.60 95.0 1.04 190.0 0.211
52.0 4.30 100.0 0.92 200.0 0.187
54.0 4.00 105.0 0.82 220.0 0.150
56.0 3.80 110.0 0.740 240.0 0.123
58.0 3.55 115.0 0.668 260.0 0.102
60.0 3.33 120.0 0.606 280.0 0.086
65.0 2.80 130.0 0.504 300.0 0.074
70.0 2.34 140.0 0.425 350.0 0.052
75.0 1.96 150.0 0.363 400.0 0.038
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Table 33. Total photoionization cross sections for oxygen in the energy range between
28 and 280 eV.

Energy [eV] Cross section [1IH cn?] Energy [eV] Cross section [I8 cnf]
88An1l 85Sal 88Anl 85Sal

28.8 11.5 57.6 4.47
29.5 11.3 60.0 4.44

29.8 11.2 61.1 3.97
30.2 11.0 62.1 3.94
30.3 11.0 64.3 3.58
30.6 11.1 67.3 3.41
31.0 11.8 68.8 2.88
31.3 10.0 70.0 3.43

31.4 12.1 70.2 2.63
31.8 10.5 74.9 2.61
32.6 10.2 78.0 2.09
33.1 9.95 80.0 2.60

33.5 9.90 80.3 1.93
34.4 9.57 81.6 2.30
35.3 9.37 89.6 1.81
35.4 9.25 90.0 2.06

36.5 8.92 94.9 1.95
36.8 8.46 100.0 1.65

37.6 8.60 103.2 1.34
37.7 8.70 110.0 1.39

38.7 8.25 120.0 1.17

40.0 7.90 7.97 130.0 1.00

40.8 7.70 7.70 140.0 0.84

41.3 7.55 150.0 0.73

41.6 7.49 160.0 0.61

42.1 7.20 170.0 0.52

42.8 7.40 180.0 0.45

44.3 6.85 190.0 0.38

44 .4 7.10 200.0 0.33

45.9 6.50 210.0 0.28

47.6 6.25 220.0 0.25

47.7 6.15 230.0 0.22

48.1 6.03 240.0 0.20

48.7 6.00 250.0 0.18

49.5 6.09 260.0 0.17

50.0 5.77 270.0 0.17

53.7 5.47 280.0 0.16

56.1 491
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1.2.9 Cross sections for the alkaliZ(= 3, 11, 19, 37, 55)

Due to their low ionization potentials there have been a number of measurements of photoionization
cross sections in the energy range below 25 eV. A summary of the earlier work has been given by
Marr and Creek §8Mal]. Measurements of absolute cross sections are difficult for two reasons.
First, the cross sections in this energy range with the exception of lithium, are quite small (<< 1 Mb)
and second, the measurements are always made on a species that contains some fraction of molecules
and thus it is difficult to estimate the number of atoms that contribute to the absorption. As a result
there are wide differences in both the absolute values of the cross sections reported as well as the
variation of the cross section with energy.

At higher energies there have been measurements for litl8@Md]], sodium [f7Co] and
potassium T6Dr]] and a relative measurement for G$Pel.

For lithium, the results of Hudson and Cart&7iHud are shown in Fig. 13 between the
ionization threshold, 5.39 eV and 22 eV. At higher energies the results of Mehimangahae.1]
are shown along with an earlier measurement made on solid litlig2Ba[f] which illustrates that
there is considerable difference in atomic and solid state cross sections at these energies. The results
of Hudson and Carter are about 10 % lower than those of Marr and G&dk] (not shown) but
have the same dependence on energy. The results of Hudson and Carter and of Mehiman et al. are
also shown in Table 35. There have been no measurements for lithium between 22 and 60 eV.
However, there have been a number of measurements in the resonance region between 60 and 75 eV
and between 140 and 175 eV which will be discussed in Section 1.3.

For sodium, Fig. 14 shows the low energy results of Hudson and Carigu? 68Hul] which
are in agreement with an earlier measurement by Ditchburn €b3Di]] and a measurement at
higher energies by Codling et al7CoJ. As with lithium, these data are also shown in Tables 36
and 37. Relative data in the resonance range between 30 and 72\W\gJ will be discussed in
Section 1.3.

Table 38 gives the results of the measurements of Hudson and Gaker]] for potassium from
the ionization threshold 4.34 eV to 18 eV and measurements at higher enéégieq.[Also shown
are results derived by Marr and Cre@8Mal from an analysis of their own results and previous
measurements.

For rubidium and cesium measurements have only been made in the energy range from threshold
(4.18 eV for rubidium, 3.89 eV for caesium) up to 11 eV. Results from various authors are shown in
Table 39. For cesium the table shows that there is relatively good agreement between the results of
Cook et al. Y7Co7 and the relative measurements of Suemitsu and Sar88&uj concerning the
energy dependence of the cross section. The results of Cook et al. are approximately a factor of 2
lower than the results of Marr and Cred@8Ma]]. In view of the small size of these cross sections
and the difficulties of the measurements it is not surprising that there are large discrepancies.
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Fig. 13. Cross section for lithium
between threshold and 160 eV from
1[67Hud and 2 [82Me]. The solid
state measurements 8f{62Bal are
shown for comparison.

Fig. 14. Cross section for sodium
from threshold to 300 eV from
1[67Hul 68Hul] and 2[77Co].
Note that the low energy data is
shown multiplied by 10.

Table 35. Attenuation cross section for lithium in the energy ranges from 5.39 to 22.678\Uf
and from 75 to 104 e\BRMel].

Energy Cross section Energy Cross section Energy Cross section
[eV] [107* cnr] [eV] [107*8 cn] [eV] [107*8 cn]
5.39 1.54 9.54 1.60 20.66 0.84
5.64 1.62 10.33 1.51 21.56 0.80
5.90 1.69 11.27 1.41 75.1 2.70
6.20 1.75 12.40 1.33 77.5 2.40
6.53 1.80 13.78 1.24 82.6 2.10
6.89 1.84 14.59 1.20 88.6 1.75
7.29 1.86 15.50 1.14 95.4 1.60
7.75 1.84 16.53 1.06 103.3 1.22
8.27 1.78 17.71 1.00
8.85 1.69 19.07 0.92
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Table 36.Photon attenuation cross section for sodium in the energy range from 5 to 25 eV. From
[67HuZ and B8HuUI].

Energy Cross section Energy Cross section Energy Cross section

[eV] [107%8 cnf] [eV] [107*8 cnf] [eV] [10728 cnd]
5.14 0.130 7.29 0.038 13.05 0.192
5.17 0.126 7.51 0.057 13.78 0.193
5.28 0.110 7.75 0.072 14.59 0.195
5.39 0.092 8.00 0.085 15.50 0.207
5.51 0.070 8.27 0.097 16.53 0.219
5.64 0.045 8.55 0.110 17.71 0.230
5.77 0.022 8.86 0.122 19.07 0.240
5.91 0.008 9.18 0.134 20.66 0.230
6.05 0.001 9.54 0.145 20.66 0.250
6.20 0.000 9.92 0.155 21.56 0.240
6.36 0.000 10.33 0.166 22.54 0.230
6.53 0.000 10.78 0.175 23.62 0.220
6.70 0.001 11.27 0.182 24.80 0.190
6.89 0.006 11.81 0.189
7.08 0.019 12.40 0.191

Table 37.Photon attenuation cross section for sodium in the energy range between 46 and 290 eV.
From [77Co].

Energy Cross section Energy Cross section Energy Cross section
[eV] [107* cn] [eV] [107*8 cn] [eV] [107*8 cn]
46.00 4.95 68.00 9.38 123.00 4,95

49.00 6.14 74.00 9.42 136.00 3.63

50.00 6.72 78.00 8.40 156.00 2.00

52.00 7.61 83.00 8.40 168.00 1.65

54.00 9.10 90.00 8.01 181.00 1.42

62.00 9.55 96.00 7.52 211.00 1.13

63.00 8.42 102.00 6.81 231.00 1.50

66.00 9.82 112.00 6.75 246.00 1.35
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Table 38.Photon attenuation cross section for potassium in the energy range between 5 and 18 eV.
and between 25 and 35 eV.

Energy [eV] Cross section [1IH cn?] Energy [eV] Cross section [It cn¥]

67Hul 68Ma1l 67Hul 68Ma1l

4.96 0.065+ 0.005 10.33 0.395 0.21+ 0.02

5.39 0.060 11.27 0.413

5.63 0.092 12.40 0.430

5.90 0.125 13.78 0.460

6.20 0.157 15.50 0.532

6.53 0.188 17.71 0.700

6.89 0.218

7.29 0.250 0.15+ 0.01 76brd

7.75 0.280 26.3 47.0+9

8.27 0.313 325 31.0+7

8.86 0.340 38.0 20.0+ 4

9.54 0.370

Table 39.Photoionization cross sections for rubidium and cesium in the energy range below 11 eV.
*) value from BOGr1].

Energy [eV] Rb cross section [1'8 cnf] Cs cross section [I¢ cnf]
68Mal 83Sul 68Mal 77Co2 83Sul

3.89 0.20+ 0.01 0.10
3.90 0.086+ 0.02
3.92 0.095
3.96 0.077
4.00 0.068+ 0.02 0.076
4.11 0.056
4,13 0.051+ 0.02 0.054
4.18 0.1+ 0.005 0.046
4.19 0.105
4.28 0.062 0.037+£0.01 0.037
4.35 0.049 0.034
4.42 0.038 0.028
451 0.027 0.025
4.59 0.018 0.025
4.67 0.001 0.06+0.01 0.028
4.76 0.023+0.01
5.00 0.008+ 0.003 0.004 0.041
5.06 0.004 0.047
5.16 0.047£0.02
5.21 0.006 0.060
5.39 0.010 0.080
7.20 0.09+ 0.027
7.28 0.10+0.01 0.23t 0.015

10.20 0.15+ 0.02 0.33+ 0.04
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1.2.10 Cross sections for other elements

While there have been a number of measurements of absolute cross sections for other elements made
at low energies (below 25 eV) almost invariably these measurements are made in energy ranges
where resonant structure dominates the cross section. The only exceptions are higher energy
measurements of zinc, cadmium, mercury and chlorine. Data in the resonance ranges for these
elements as well as selected data for other elements will be given in Section 1.3.

Harrison et al. §9Hal obtained relative data of single ionization of zinc in the energy range
from threshold to 50 eV. In a later publicatiodOCa] these data were put on an absolute scale
using the low energy measurements of Marr and Aus8iMp2 and data on the formation of doubly
charged ions was obtained. An estimate of the total attenuation cross section obtained from these
data are shown in Table 40 in the structure-less range from 20 to 44 eV along with the rms deviance
of the measurements.

A complicated structure exists in cadmium in the energy range below 2688¢]. At higher
energies cross sections for both single and double ionization have been me@8Geelidt energies
up to 80 eV. Total attenuation has been measured from 20 to 250 eV by Codling’r8Cald [ The
results of this measurement for energies between 40 and 250 eV are shown in Table 41.

Relative cross sections for the production of singly and doubly charged mercury were measured
by Cairns et al. 10Ca] and these data were normalized by Dehmer and Berkow#bd] to
previous data on oscillator strengths. The results in the energy range from 20 to 72 eV of these
measurements are given in Table 42.

The cross section for atomic chlorine has been measured from threshold (13 eV) up to 80 eV by
Samson et al.g6Sal. The results in the energy range from 30 to 80 eV, the range where no
structure is expected are shown in Table 43.

Table 40. Photon attenuation cross  Table 43. Photoionization cross
section for zinc in the energy range section for chlorine in the energy
between 18 and 51 eV. From range from 30 to 80 eV. From

[69Ha] and [B9Cal. [86Sal.
Energy Cross section Energy Cross section
[eV] [107'8 cn?] [eV] [107*8 cnf]
18.78 3.6+1.2 30.99 7.50
19.68 4.6+2.4 33.06 4.60
20.35 5.3+ 1.3 35.43 2.50
20.69 4.6+0.7 38.15 1.40
21.67 6.8+ 0.8 41.33 0.94
22.38 6.1+ 1.7 45.08 0.90
22.87 7.0£0.4 49.59 1.02
24.40 7.0+ 0.7 >5.10 1.19
25.66 9.1 0.9 61.99 1.30
70.85 1.32
26.37 8.2+ 0.8 28.47 129
28.56 9.1+ 0.9
29.80 12.1+1.1
33.14 9.3+ 2.0
43.80 12.4+ 2.3
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Table 41. Photon attenuation cross Table 42. Photon attenuation cross
section for cadmium in the energy section for mercury in the energy
range between 41 and 250 eV. From range from 20 to 72 eV. From

[78Co3. [70Cal.
Energy Cross section Energy Cross section
[eV] [107*8 cn] [eV] [107*8 cn]
41.92 12.64 20.09 13.9
44.23 14.52 20.36 14.1
50.13 15.76 20.66 15.8
56.54 16.27 20.73 16.1
62.56 14.69 20.80 13.5
66.15 14.44 21.27 15.1
69.49 14.42 21.67 14.1
73.08 14.42 21.79 13.5
78.21 13.88 22.34 13.9
83.33 12.69 23.13 13.7
89.36 11.44 23.61 15.4
95.00 9.81 24.41 16.4
103.80 7.35 25.30 15.6
113.80 4.58 26.66 17.3
124.70 3.78 27.43 18.5
135.60 1.98 28.57 19.0
155.10 0.58 29.52 221
167.95 0.51 33.15 21.2
179.50 0.66 35.94 22.4
189.70 0.71 37.01 20.9
193.80 0.99 38.38 234
210.40 1.22 44.28 22.3
228.70 1.53 45.58 23.6
247.70 1.83 50.19 19.6
57.66 19.7
64.57 15.9
71.66 13.2

1.3 Cross sections due to resonances, branching ratios, multiple
ionization and angular distributions

In the previous section data were presented for atomic photoionization or absorption in those energy
ranges where the cross sections were expected to be slowly varying and consequently some energy
ranges were omitted. Here data in those ranges will be given, but will for the most part not be
presented in the form of tables, since in resonance regions the observed cross sections are strongly
dependent on the instrumental bandpass used in making the measurements.

When single ionization occurs as a result of photoabsorption, the ions left behind may not be in
their ground state. This is especially true at higher energies where most of the single ionization is
from inner subshells of the atom. When this happens, the ions then decay via a complicated set of
decay processes which emit both Auger electrons and fluorescence radiation and the end result is a
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distribution of multiply charged ions. When ions and/or electrons are observed following
photoabsorption it is possible to obtain information on both the intermediate and final states of the
decay process and express the results in terms of branching ratios. Some data of this type will be
presented.

Finally, when electrons are observed as a result of photoionizaton, in general their angular
distributions will not be isotropic. At low energies the angular distribution of photoelectrons has a
simple form and some data on angular distributions will be given.

1.3.1 Cross sections due to resonances

For the rare gases, which form the bulk of the data presented in the previous section, the spectral
regions where resonances are expected to occur are well known. For helium, the range is from
60 eV, just below the position of the lowest doubly excited resonance, up to 79 eV., the threshold for
direct double ionization. For the heavier rare gases, there will be resonances between the two lowest
’p,,-*Pyj, energy states of the singly charged ion in each case and resonance regions extending from
about 10...12 eV below each inner shell ionization potential up to an energy corresponding to
removal of both an inner shell and a valence shell electron. The ranges for He, Ne, Ar, Kr and Xe
where resonances are expected are shown in Table 44.

For other atoms, the ranges corresponding to inner shell ionization are essentially the same as the
rare gases; i.e., from about 10...12 eV below each inner shell ionization potential up to an energy
corresponding to double ionization involving an inner shell electron. However, at lower energies
resonances occur frequently and must be considered atom by atom.

Table 44.Energy ranges for photoionization in the rare gases where resonant structure is expected to
occur.

Gas Energy range [eV]
2Py %Py Inner subshells
Helium 65-69
Neon 21.56-21.66 44.0-43.4 860-910
Argon 15.76-15.93 25.0-38.6 240-310 3200-3250
Krypton 14.00-14.66 25.0-38.6 90-140 200-310 1650-1950
Xenon 12.13-13.43 20.0-33.3 60-110 140-250 670-720 930-1200
Xenon 4780-5600

1.3.2 Resonances in helium

Resonances in helium were first discovered by Madden and Codi8ida[l] in the energy range
between 59 and 79 eV via an absorption measurement using synchrotron light and since that time
there have been a number of measurements of helium resonances using alternative techniques. Since
cross sections are rapidly varying near resonances the normal procedure has been to present graphs
of cross sections or of transmitted intensity or observed ion or electron yields rather than try to give
values of the cross section in tabular form. An example is shown in Fig. 15 in the resonance range
between 59 and 66 e\W]Ch]. The measurement here was an electron impact experiment at low
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momentum transfer, but the results are expected to be equivalent to an absorption measurement. The
results shown are in very good agreement with the recommended values of Samsd&ajlap

is shown in Table 45 which compares the results at energies between the resonances where the cross
section is slowly varying.

It is important to note that the cross sections reported as in Fig. 15 are not "true" cross sections,
but depend on the spectral resolution used in making the measurements. Due to the finite resolution
the "true" cross section will always be larger than that reported at the peak of resonance and smaller
at its minimum.

Higher resolution studies (see Fig. 16) have shown that unresolved structure exists at higher
energies than is evident in Fig. 15. This means that if resonances are present the results only indicate
the average cross section over the bandwidth of the measurement.

Helium (sp,2n+) 'P°

Photoionization yield
e

60 61 62 63 64 65
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Table 45. A comparison of measured cross
sections of helium in the non-resonance
range from 66 to 69 eV.

Energy [eV] Cross section [Tt cnf]

94Sal 91Ch1
66.0 1.15 1.15
67.0 1.11 1.10
68.0 1.06 1.06
69.0 1.02 1.02

1.3.3 Resonances between the two lowest ionization thresholds of the rare gases

For neon, argon, krypton and xenon removal of an outer subshell electron can leave the ion core in
two possible states with a slight energy difference. Consequently, there will be two series of
resonances in each case converging to the limit of higher energy as discovered by BeBdér [

For neon, the interval between the two limits is small (0.1 eV) and the structure has been
observed by a number of techniques. Fig. 17 shows a measurement of the apparent cross section for
neon taken with a band pass of 0.04578Ra] and observing ions produced. Similar measurements
were made at higher resolution observing both ions and electron for the lower energy part of the
resonant region90Cal.

Since the early work of Beutler there have been a number of measurements of the resonances
between the two lowest limits for argon, krypton and xenon. For these resonances, a careful
measurement and an analysis of previous work have been carried out by Maed83¥ al]. [For

the low energy resonances they obtained resonance parameters for each pair of resonances using the
following formulas:
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Oas(€5+09° |, Tag(Ea* o)’
o= 5 + 5 +Ub (l)
1+gg 1+¢&g
tanfr (v, +
g, :W forl=s, d @)

where the parameters,, 0,q and g, are partial cross sectiongs and qq are shape parameters,

& (I = s, d) are reduced energies and the paramgteasdW, determine the energy position of the
resonance relative oy, the energy (in cm) of the upper series limit. The parameters for the lower
resonances in each case along with estimates from other recent measurements are shown in Table 46.
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Fig. 17.lonization yield for neon in the resonance region between 577 and §72.5-21.7 eV) T9Ral.

Table 46a.Energy width parametelds andW; for argon, krypton and xenon resonanc@3Mal.

Atom n Ws Wy Atom n W Wy
Argon 11 0.00544(65) 0.2122(70) 13 0.00911(85) 0.2070(55)
12 0.00524(80) 0.2245(80) 14 0.00967(120) 0.2089(55)
13 0.00438(100 0.2296(90
14 0.0046151303 0-2258E90; Xenon 8 0.00732(35) 0.2505(60)
9 0.00657(40) 0.2465(65)
Krypton 8 0.00989(50) 0.1561(55) 10 0.00657(35) 0.2499(65)
9 0.00952(55) 0.1741(55) 11 0.00642(50) 0.2499(65)
10 0.00949(55) 0.1894(55) 12 0.00651(60) 0.2448(65)
11 0.00938(60) 0.2040(50) 13 0.00645(80) 0.2505(65)
12 0.00942(65) 0.1946(50) 14 0.00653(105) 0.2608(65)
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Table 46b. Line shape parametens, qi, 0, and oy for argon, krypton and xenon resonances
[93Mal.

Atom n Us Ug Os A Oas Oad Ob

Argon 11  0.138(1) 0.199(4) 14.8(5.1) 2.14(15) 1.28(80) 9.9(1.5) 9.5(1.5)
12 0.137(1) 0.202(3) 16.5(6.8) 2.06(20) 0.96(75) 10.1(1.0) 10.7(2.0)
13 0.139(1) 0.202(2) 14.8(6.5) 2.02(20) 1.21(85) 9.9(2.0) 11.1(2.0)
14  0.136(1) 0.198(2) 15.9(6.5) 2.29(25) 0.91(75) 8.3(2.0) 11.9(3.0)

Krypton 8  0.099(1) 0.223(3) 36.9(6.5) 1.94(10) 0.20[10) 20.5(2.0) 11.7(1.5)
8  0.097(1) 0.223(3) 23.2(5.0) 1.90(10) 0.45(20) 20.9(2.0) 12.8(2.0)

10  0.096(1) 0.227(3) 26.0(5.0) 1.84(10) 0.34(15) 21.6(2.5) 11.2(1.5)

11 0.095(1) 0.235(3) 19.2(3.5) 1.66(20) 0.61(20) 25.5(4.0) 9.1(3.5)

12 0.094(1) 0.240(2) 25.5(5.5) 1.76(15) 0.31(15) 22.3(2.5) 11.1(2.0)

13 0.094(1) 0.241(2) 21.4(4.0) 1.74(15) 0.46(15) 22.5(3.0) 11.0(2.0)

14  0.094(1) 0.243(1) 25.5(5.5) 1.71(15) 0.27(15) 22.0(2.5) 11.2(2.0)

Xenon 8  0.025(1) 0.323(3) 22.7(6.0) 1.49(5) 0.66(35) 43.3(3.0) 6.8(3.0)
9  0.021(1) 0.328(3) 15.8(2.5) 1.47(10) 1.33(45) 44.9(3.0) 6.3(3.0)

10  0.019(1) 0.332(2) 13.9(2.5) 1.45(10) 1.65(55) 45.4(2.5) 5.3(2.0)

11 0.017(1) 0.335(2) 13.2(2.5) 1.40(10) 1.97(65) 46.4(3.0) 5.9(2.0)

12 0.016(1) 0.331(1) 15.3(3.0) 1.53(10) 1.32(55) 42.4(4.0) 8.7(1.5)

13 0.014(1) 0.332(1) 14.7(25) 1.47(10) 1.35(55) 42.8(3.5) 7.1(2.0)

14  0.014(1) 0.332(2) 17.6(3.0) 1.41(10) 0.90(35) 43.6(3.0) 7.7(2.0)

1.3.4 ns and doubly excited resonances in neon, argon, krypton and xenon

For the heavier rare gases a single series of autoionizing resonances converge to tisesirrsrell

limits (n = 2, Ly for neon,n = 3, M; for argon, etc.) which lie between 20 and 30 eV above the
neutral ground state. In addition there are doubly excited resonances in each case which are
intermingled with the series of s subshell resonances.

As example of a measurement of the photoionization cross section in the resonance region of
neon between 40 and 55 eV is shown in Fig. 98Ch1. Here, as Fig. 15, the measurement was
done by electron impact at low momentum transfer, but the results agree reasonably well with
photoionization data obtained by direct measuren@s®f] as shown in the figure.
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As in the previous sections, the figure shows only an "apparent” cross section since the true cross
section will be considerably larger (or smaller) in the vicinity of the resonances. Similar data for
argon and krypton in the energy ranges from 25...31 and 22...31 eV is shown in F6@SE] [

Although there have been few attempts to obtain absolute photoionization cross sections near
resonances, the wavelengths (and therefore energies) of a number of the rare gas ns-np and doubly
excited resonances are known (neéi@ol; argon B9Mal]; krypton and xenon72Co1). Ederer
[71Ed] has obtained resonance parameters for some of the lower lying resonances in krypton and
xenon and his analysis has been extended by Flemming 81L&l The analysis is similar to that
of Maeda et al. and makes possible a representation of the true cross section in resonance regions.
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1.3.5 Deep inner shell resonance regions

In the vicinity of each inner shell ionization threshold in the rare gases, there will be a series of
singly excited resonances below the limit and possibly doubly excited resonances in the energy range
up to approximately 50 eV above the threshold. Typically these resonances are much weaker than
those discussed in the previous sections and have larger widths due to the fact that the resonances
can decay via a number of radiative and autoionization processes. As a result, measurements of total
cross sections in the vicinity of inner shell thresholds are probably a more accurate estimate of the
true cross section than those made at lower energies. A typical example is data near the K ionization
threshold of neon, shown in Fig. 269Wul]. The resonances represent a series of single electron
1snp transitions (P3-P6) lying below the 1s ionization potential (870.1 eV). There is evidence for a
double excitation resonance at higher energy (35 eV above the P3 peak in Fig. 20) but the resonance
is less than 2 % of the observed apparent cross section. Values of the total absorption cross section in
the vicinity of the ionization limit are given in Table 47.

The situation is similar for the energy ranges near the(240...260 eV) and K (3206 eV)
thresholds of argon. Fig. 21 shows a high resolution measurement of the cross section just below the
L, 3 thresholds §1Gil] and Table 48 gives data taken at lower resolutifDje]. Evidence of the
resonant structure near the K threshold of ar@8bDg] is shown in Fig. 22 and cross section data
in this energy range [Wu6901] are given in Table 49.

For the inner subshells of the heavier rare gases there is little evidence of structure near
absorption thresholds since any discrete levels that exist are broadened by the many Auger and
radiative decay processes that can occur. Thus the data shown in Tables 24 and 25 for krypton
probably represents true cross sections at the energies listed. The same is true of the data for xenon
shown in Tables 29 and 30. Arcon et a®5Arl) have made a detailed measurement of the
attenuation cross section of xenon from 4700 to 6200 eV. They find that resonances never produce
deviations larger than 3 % from a smooth energy dependence of the cross section.

Energy [eV]
865 870 875
T T T
P}

— | Neon
T 15
E
=

<

3

< 10

QL

é

<]

=

S

=

_% 5

= Fig. 20. Cross section for neon near

the 1s ionization potential (870.1 eV)
0 | | | | from [69Wu1].
14.30 14.25 14.20 14.15 14.10

Wavelength [kX]

Landolt-Bornstein
New Series I/17A



1-54 1 Photon interactions with atoms [Ref. p. 1-77

5
i
Argon ﬂ il
e o ,1 ’“L k‘ soges
g : DI b R,
o } , 1 Hr;,r\—s
= . -'! , \ ’ N4
— 1
<31 ' I s
2 b, f %
e [ I iz A0
g AL
S i l " 1
s2r PLoL
E ATy
5 neLoow
E h: il
1E rto
! 1]
/ / v
< . . :
Y \"M"'/ Fig. 21.Cross section for argon
0 ! ! ! ! \ near the b3 edges §1Gi1.
244 246 248 250 252
Photon energy [eV]
0.105
Argon
B g
Ng '-\. -
2™ (.100 - .,
\‘9 \1. %
5 Y .
o "-._“ ! S D E
é "“.‘ . " -,_z_*h - F G
S 0095 o, A N o,
2 RN e H
g ..' :.l
§ o
=
0.090 | | | | | |
3210 3220 3230 3240 3250 3260 3270

Photon energy [eV]

Fig. 22.Cross section for argon in the resonance range between 3205 and 3B83De\].[

Table 47. Apparent photon attenuation cross sections for neon near the K absorption threshold
[69Wu1l.

Energy Cross section Energy Cross section Energy Cross section
[eV] [107%* cnr] [eV] [107% cn] [eV] [107% cn]
830.0 25.9 859.0 24.2 890.0 362.0

836.0 25.3 865.0 23.8 896.0 355.0

842.0 24.9 871.0 387.0 903.0 349.0

847.0 24.7 877.0 373.0 910.0 342.0

853.0 24.4 884.0 368.0
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Table 48. Apparent photon attenuation Table 49. Apparent photon attenuation
cross sections for argon near thgsL cross sections for argon near the K

absorption threshold$9De]]. absorption thresholdsPWu1].
Energy Cross section Energy Cross section
[eV] [107*8 cn] [keV] [10% cnr]
240.0 0.31 3.017 11.4
241.0 0.35 3.054 10.6
242.0 0.35 3.093 10.3
243.0 0.39 3.132 10.1
244.0 0.44 3.172 10.0
245.0 1.11 3.196 9.7
246.0 0.72 3.205 98.8
247.0 1.18 3.213 93.7
248.0 1.86 3.255 91.0
249.0 1.73 3.299 88.9
250.0 3.81 3.343 85.9
251.0 4.27 3.389 83.7
252.0 4.59 3.436 79.1
253.0 4.68 3.485 77.3
254.0 4.62 3.534 74.2
255.0 4.58 3.586 72.2
256.0 4.48 3.638 69.6
257.0 4.37 3.693 66.9
258.0 4.29 3.749 64.5
259.0 4.20

260.0 4,14

261.0 4.07

262.0 4.03

263.0 4.03

1.3.6 Resonance regions in oxygen and nitrogen

Since these are open shell atoms, when ionization occurs the ion core can be left in a number of
states and there will be resonant structure at energies lying just below the higher ionization
thresholds. For oxygen the lowest ionization threshold is 13.61 eV but higher thresholds are at 16.93,
18.63 and 18.49 eV. The resonance structure below the 16.93 and 18.63 eV thresholds has been
observed §7Hu3 and relative cross sections near these thresholds have been obiaibed.[For

nitrogen the lowest ionization threshold is 14.54 eV and higher thresholds are at 16, 44, 18.59 and
20.4 eV. However, due to selection rules, no structure is expected below the 16.44 and 18.59 eV
thresholds and none has been observed, but a single series of resonances has been observed between
17.7 and 20.4 eV and relative cross sections obtained the resonance 7d@ed.[Cross sections

for both oxygen §5Sal 88An1] and nitrogen 90Sal have been measured in the energy ranges
where resonances are present and are shown in Table 50 and 51, respectively. The measurements
shown are at energy values which do not correspond to known resonance positions and thus the
values shown are expected to be true cross sections.
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Table 50. Total photoionization cross Table 51. Photoionization  cross
sections for oxygen in the energy sections for nitrogen in the energy
range between 13.7 and 25.4eV. range between 14 and 44 eV. From

From [88An7]. [90Sal.

Energy Cross section Energy Cross section
[eV] [107*8 cn] [eV] [107* cn]
13.78 2.85 14.6 9.5
14.25 3.10 14.8 10.2
14.50 3.10 15.1 10.6
14.93 3.30 15.5 10.8
15.02 3.30 15.9 11.1
15.79 3.70 16.3 11.4
15.89 3.70 16.8 11.6
16.20 4.00 17.2 12.1
16.31 3.90 17.7 13.5
16.98 8.03 20.3 11.6
17.04 8.90 20.7 11.7
17.32 9.24 21.7 11.8
17.48 9.71 22.1 11.8
17.87 9.00 23.0 11.7
17.95 9.47 23.8 11.5
18.30 10.0 24.8 11.2
18.78 12.6 25.8 10.8
19.68 13.4 27.0 10.5
20.66 13.3 28.2 10.0
21.37 13.0 29.5 9.6
22.14 12.7 31.0 9.1
22.54 12.5 32.6 8.6
23.00 12.3 34.4 8.1
23.40 12.1 36.5 7.5
23.80 12.0 38.7 6.9
24.31 11.9 41.3 6.3
24.80 11.9

25.30 12.0

1.3.7 Resonances in the alkalis

Resonances have been observed near inner subshell ionization thresholds in lithium, sodium and
potassium. In lithium there are autoionization resonances due to excitation of a single K shell
electron which were first observed by Ederer et. €0E[d]. Absolute measurements of the apparent
cross sections in the resonant range between 58.91 eV (the position of the lowest resonance) and 81
eV. (the double ionization threshold were made by Mehlman e7@Mé¢1, 82Mel]. The results in

the energy range from 62 to 72 eV (200...172 A) are shown in Fig. 23. More recently the resonance
structure has been studied in detail in the energy range between 64.5 and &BK&N énd the

results were found to agree closely with theoretical calculat@nSh1].
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There is also a resonance region corresponding to excitation of two K shell electron which has
been studied recently by a number of theoretical and experimental gre6iy&i]. Resonances
have been observed between 142.3 eV (the position of the lowest reso®ékcd fnd 175.3 eV

[97Az]]. Although it is possible that other resonances exist below the double ionization potential
(203.4 eV), none have been observed.
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Wolff et al. [72Wo01] have observed resonant structure for Na in the energy range between 35 and
75 eV in a relative measurement and a comparison of their results with solid state absorption and
theory is shown in Fig. 24. Note that the normalized scale of the figure yield results approximately a
factor of two higher than the results of Codling et. a7.GoJ shown in Table 37.

Structure similar to this has been observed photographically in both potas®Ba] and
rubidium [34Bed. Hudson and Carter6fHul] have measured the apparent cross sections at the
peaks of several of the resonances in potassium in the energy range between 18 and 21 eV.

For cesium Peterson et. at5Pel made a measurement of the relative cross section between 80
and 180 eV and found structure between 80 and 100 eV and between 160 and 180 eV.

1.3.8 Resonance regions in other elements

There have been a number of measurements of relative cross sections for elements other than those
discussed above. Most of the earlier work was directed towards identifying resonances and was done
with absorption measurements using photographic plates for detection with little or no attempt to
derive relative cross sections. Later work involved ion and/or electron collection as well as attempts
to obtain absolute cross sections from absorption measurements. A summary of this type of work for
selected elements is given below.

Resonance structure was first observed in zinc by BeuB8Bd]. A measurement of the
absorption cross section in the energy range from threshold (9.39 eV) to 16.6 eV was made by Marr
and Austin f9Mad. They find that the cross section at threshold is $1012)-10*%cn? and falls to
a near zero minimum at 10.33 eV and there is a detailed resonance structure at higher energies. They
report apparent cross sections over the entire energy range.

Ross and Marrg5Ro] measured the absorption cross section for cadmium from threshold (9 eV)
to 10.8 eV and found a threshold value of (0.32 + 0.03)%a®° and a decreasing cross section. The
relative photoionization cross section from threshold to 19 eV was measured by collecting ions by
Berkowitz and Lifshitz §8Be] and the relative strengths of the resonances in the energy range from
10 to 18 eV previously identified by Beutle&83Beq were reported. The work of Ross and Marr was
extended by Marr and Austi®t9Ma3 who measured the absorption cross section from threshold to
23.6 eV. They report apparent cross sections in the energy range between 13 and 23.63 eV.

Berkowitz and Lifshitz §8BeJalso obtained relative photoionization cross sections for mercury
in the range between threshold (10.5 eV)and 18 eV and have identified a number of resonances in
that range but no attempt was made to obtain absolute cross sections.

Chlorine is similar to atomic oxygen in that although the first ionization potential is at 13.01 eV.,
the ion can be left in excited states corresponding to higher thresholds of 14.45, 16.47 and 24.57 eV.
Consequently there will be a complex resonant structure at energies immediately below these
thresholds and structure has been observed via absorption measurements between 13 and 16.3 eV
[83Ru] and in photoelectron measurements in the energy ranges between 21.5 and®2bleY. [

Samson et al.g6Sal have measured the cross section at selected points in this energy range and at
higher energies as shown in Table 43 and have assumed that the cross section is smoothly varying to
obtain cross sections at specific energies. Their results are shown in Table 52.

The ionization threshold of barium is at 5.21 eV but there are a number of thresholds for
ionization plus excitation extending up to 10.5 eV. Consequently, there is a complex resonant
structure in this energy range which has been observed photographt@®g] 73Br1]. Absolute
cross sections were measured by Hudson e@HU1 between threshold and 7.3 eV and relative
measurements were made by Saloman eB&542 and the range was extended to 10.5 eV. Barium
has a resonance at threshold and consequently the cross section is quite large in the threshold region.
Carlsten and Mcllrath73Cag obtained a value at threshold of 5.616m? which agrees with an
estimate made by Armstrong and Wyn®Ar1] based on their oscillator strength measurements but
indicates that the absolute measurements of the cross sections by Hudson et al. are probably too low.
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At higher energies relative photoabsorption and photoionizaton cross sections have been
determined in the energy range from 85 to 140 eV. These data have recently been placed on an

absolute basis by a careful measurement by van dem Borne @bBt1]. The results are shown in
Fig. 25.
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Table 52. Apparent photoionizaton cross section for chlorine in
the energy range from 13.0 to 30 eV. Fr@36%$al.

Energy Cross section Energy Cross section
[eV] [107* cnr] [eV] [107*8 cn]
16.42 43.6 21.56 38.0

17.10 43.4 22.54 35.7

17.71 43.0 23.01 32.2

18.37 42.4 24.79 25.8

19.07 41.6 26.10 20.2

19.83 40.6 27.55 15.3

20.66 39.4 29.17 11.0

1.3.9 Branching ratios and angular distributions

The data presented in the preceding sections is, for the most part, cross sections for photo absorption
in energy ranges where photoionization is the most important process. If measurements are made
with monochromatic photon sources and either ions or electrons collected, it is possible to break
down the total absorption cross section into a number of partial cross sections. With ion collection it
is possible to measure cross sections for single,double and in ge+feldlionization and the total
photoionization cross section will be the sum of these partial cross sections. When electrons are
collected and their energy is specified, it is possible to obtain an alternative partitioning of the total
photoionization cross section. Since energy is conserved, the difference between photon and electron
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energy completely specifies the final state of the ion when a single electron is emitted. Thus by
observing "main lines" in the photoelectron spectrum as photon energy is scanned, cross sections for
single ionization of individual atomic subshells may be obtained. Alternatively, by observing
"satellite lines" cross sections for ionization plus excitation or for double ionization may be
measured. However, it is more difficult to obtain total photoionization cross sections via this
technique for the following reasons. First, if multiple ionization occurs electrons must be collected
over all energies allowed by conservation of energy. Second, typically electrons are collected at
fixed angles with respect to the photon beam and its principal axis of polarization. Although at low
energies the angular distribution of electrons ejected via photoionization relative to the photon beams
polarization direction may be described by a single energy dependent parameter or, if the photon
beam is unpolarized, to its direction, in general the photon polarization must be specified in order for
cross sections measured at a "magic angle" to represent true partial cross sections. At higher energies
corresponding to inner shell ionization measurements in general depend on both the direction and
polarization of the photon beam and obtaining true partial cross sections is more difficult.

Although there has been a great deal of experimental work during the past several decades
devoted to obtaining partial cross sections and electron angular distributions, most of the results have
been presented in graphical form. Some of these results will be presented here and some references
to alternative sources of data will be given in the appendix.

1.3.9.1 The ratio of double to single ionization for helium

Helium is the simplest atom which can be doubly ionized and the ratio of double to single ionization
has been studied extensively by a number of groups and has been reviewed for both photon and
charged particle impact recent@gMG1]. Helium is unusual in that at photon energies above 1 keV
most of the cross section is due to scattering rather than absorption and there is considerable
theoretical interest in the ratio at high energies.

A summary of experimental work on the ratio in the energy ranges between the double ionization
threshold (79 eV) and 350 eV where photoionization is the dominant process and between 2 and 20
keV where ionization is due mainly to Compton scattering is given by Figs9&®afl and 27
[96Le]]. The ratio is less than 5 % at all energies and is between 1 and 2 % at high energies. More
recent work §6Do1] and P6Sp] indicates that the maximum of the ratio at low energies is less than
4 % and of the order of 1 % at higher energies.
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1.3.9.2 Branching ratios for light elements

Although branching ratios between single, double and multiple ionization have been obtained by
measuring the charge state of ions collected following photoionization for a number of elements,
only for the light elements at low energies do the measurements reflect simple direct ionization
processes. This is because at higher energies inner subshell ionization occurs followed by a cascade
of radiative and Auger processes. Consequently the measured branching ratios must be interpreted in
terms of cross sections for initial subshell ionization and relative probabilities for Auger and
radiative decay processes. For neon, oxygen and nitrogen Auger processes cannot occur at energies
below the 1s (K) shell ionizaton thresholds (865, 538 and 403 eV, respectively) and radiative
processes are negligible. Consequently for these atoms measurements of the ratios of ions produced
is a measure of direct multiple ionization.

There have been a number of measurements of the cross section for double ionization of neon
between the threshold for double ionization (62.63 eV) and 280 eV and the results of various authors
are shown in Fig. 28. Typically branching ratios of singly and doubly charged ions are measured and
the results are put on an absolute scale by assuming that the total absorption cross section is the sum
of single and double ionization cross sections. Samson and ABQ&ka} and Holland et al.

[79H0]] have made estimates of the double ionization cross section and their data is shown in Table
53 based on alternative values of the total cross section. Samson and 87yel, [90Sal90Sa2

have measured the branching ratios for oxygen and nitrogen from their double ionization thresholds
(48.76 and 44.15eV, respectively) to 280 eV. Using their total cross sections given in Tables 33 and
34 and their branching ratios, they have obtained cross sections for double ionization of oxygen and
nitrogen and triple ionization of oxygen. Their results are given in Table 54.

Although the cross sections for double ionization of these elements are small near threshold they
account for approximately 10 % of the total cross section at energies greater than 50 eV above the
double ionization threshold.

Branching ratios for argon have been measured by a number of investigators and some of the
earlier results for double ionization are shown in Fig. 29. For argon double ionization via Auger
processes cannot take place at energies below 250 eV so the results shown in Fig. 29 represent direct
double ionization. Cross sections for single, double and triple ionization in the energy range from 55
to 280 eV have been obtained by Holland et Z8Ho1 by normalizing measured branching ratios
to the total cross sections of Marr and Wes6Nlal] and their results are given in Table 55.
Although the double ionization cross sections are small they represent a large fraction of the total

Landolt-Bornstein
New Series I/17A



1-62

1 Photon interactions with atoms

[Ref. p. 1-77

Cross sections at energies greater than 50 eV above the threshold. The double ionization cross section
increases rapidly at 250 eV due to L sub shell ionization followed by Auger decay.
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Fig. 28. Measurements of the
cross section for neon double
ionization  from  threshold
(62.63 eV) to 280 eV from
various sources9pSal.

Fig. 29. Double ionization
cross section for argon from
various sourcesAb]. Solid
lines represent calculations:
dipole-length () and veloc-
ity (V) approximation.
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Table 53.Double ionization cross sections for neon at incident energies between 70 and 280 eV.

Energy [eV]  Cross section [1 cnf] Energy [eV] Cross section [I8 cnf]
90Saz2 79Ho1 90Sa2 79Ho1

70.0 0.087 0.081 150.0 0.221 0.149
75.0 0.118 0.098 160.0 0.194 0.142
80.0 0.149 0.112 170.0 0.169 0.129
85.0 0.183 0.126 180.0 0.147 0.115
90.0 0.219 0.158 190.0 0.125 0.104
95.0 0.246 0.170 200.0 0.106 0.076
100.0 0.266 0.177 220.0 0.077 0.070
110.0 0.284 0.210 240.0 0.056 0.046
120.0 0.283 0.178 260.0 0.043 0.043
130.0 0.270 0.183 280.0 0.031 0.027
140.0 0.247 0.178

Table 54. Double ionization cross sections for nitrogen and
oxygen and triple ionization cross sections for oxygen at incident
energies between 50 and 280 eV. Fr&®Jal and B8AnN1].

Energy [eV]  Cross section [1 cnf]
O_'I'\-‘+ 0_5+ O_'Io-++

50.0 0.117 0.002

60.0 0.200 0.187

70.0 0.186 0.225

75.0 0.173

80.0 0.159 0.230

85.0 0.147

90.0 0.135 0.221

95.0 0.125

100.0 0.115 0.205

110.0 0.098 0.185 0.00028
120.0 0.084 0.164 0.00101
130.0 0.072 0.142 0.00165
140.0 0.062 0.121 0.00202
150.0 0.052 0.103 0.00220
160.0 0.043 0.084 0.00212
170.0 0.035 0.069 0.00195
180.0 0.028 0.058 0.00175
190.0 0.023 0.048 0.00151
200.0 0.019 0.039 0.00128
220.0 0.013 0.026 0.00087
240.0 0.010 0.018 0.00054
260.0 0.008 0.013 0.00037
280.0 0.008 0.011 0.00027
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Table 55.Single, double and triple photoionization cross sections
for argon in the energy range between 55 and 280 eV. From
[79H01).

Energy [eV]  Cross section [1¥ cn?]

O_+++ O_++ O_+
55.0 0.136 1.06
60.0 0.194 1.20
65.0 0.201 1.25
70.0 0.220 1.26
80.0 0.224 1.24
90.0 0.227 1.17
100.0 0.198 1.12
110.0 0.200 1.02
120.0 0.184 0.96
130.0 0.010 0.161 0.88
140.0 0.017 0.155 0.80
150.0 0.008 0.134 0.75
160.0 0.007 0.119 0.69
170.0 0.010 0.119 0.63
180.0 0.014 0.103 0.59

190.0 0.006 0.098 0.53

200.0 0.018 0.086 0.48

210.0 0.013 0.087 0.43

220.0 0.010 0.098 0.37

230.0 0.015 0.104 0.32

240.0 0.015 0.147 0.25

250.0 0.378 3.77 0.41

260.0 0.398 3.45 0.30

270.0 0.506 3.04 0.28

280.0 0.529 2.69 0.28

1.3.9.3 lonization plus excitation, partial subshell cross sections and angular distributions

For helium, results have already been presented for total ionization cross sections in both non
resonant and resonant regions and for the ratios of double to single ionization. If electrons are
collected following photoionization it is possible to obtain cross sections corresponding to ionization
plus excitation, to obtain angular distributions of emitted electrons and to study the angular
correlations between electrons emitted in double ionization by collecting two electrons in
coincidence. Although these topics are currently being actively investigated most of the data is in the
form of graphs. An example is given in Fig. 30 which shows the breakdown of the total cross section
into partial cross sections corresponding to leaving the ion in various excited states obtained from
various sources. Similar results for ionization plus excitation have been obtained for specific states
for a number of atoms (seA3, A8]).

For other atoms which have subshells it is possible to break down the total photoionization cross
section into partial cross sections for single ionization or ionization plus excitation from various
subshells. This was first done for neon by Wuilleumier and Kraué@/(1]]. Fig. 31 shows their
breakdown of the total cross section from threshold to 2 keV into components which represent 1s, 2s
or 2p single ionization and either ionization plus excitation or double ionization from these subshells.
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Similar results are available for limited spectral ranges in all of the rare gases as well as in other
elements (seed3, A8]).

For low energy photoionization the angular distribution of any electron produced by
photoabsorption will have the simple form

do _ o,

B _
10 " (3cos? 6-1)] ©)

2

where g, is the partial cross section for a particular process (single ionization or ionization plus
excitation) andf is the angle between photon polarization and electron ejection. At the "magic
angle" 57.8 the differential cross section does not depend on the value of the angular distribution
parametei3, and measurements of partial cross sections are often made at this angle. However, using
photoelectron spectroscopy it is possible to obtain loptAnd 3, as functions of photon energy and

such measurements have been made for a number of atoms. An example of this typeréiMatha [

is given in Table 56 which gives the cross section for single 2p ionization aripdwameter for

this process as a function of energy. Similar results are available for most of the subshells of the rare
gases as well as for various excitation processes in other atomaAgsée]).

TN Helium
\\
- +
5 n=1\\\ He (n=1...9)
N\
AN
\
2 = \\
2 N
_ A
107 A\ total
A\
A\
5 f
g
To &# \\\
ha \
S \
g \; " A
g ° ,S,V.\ N
S \ AN AN
= \ \ A
< A \ N
£ \ \\ \\
Q? Y N \\
\ PY \\ N
PR TR A
N 3 \
NN e \ \
o & N \ \
N \ \
R \ LN
® ALY \ \
RN R AN AN N . . L .
N\ \\‘ Q\._ AN N A\ Fig. 30. Cross sections for ionization plus excit-
NN e N PN ation of helium from various source&d].
100 200 500

Photon energy [eV]

Landolt-Bornstein
New Series I/17A



1-66

1 Photon interactions with atoms

[Ref. p. 1-77

. . —18 2
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Fig. 31. Cross sec-
tions for ionization of

neon inner shells and
for ionization plus

excitation f4Wu1l.

Table 56.Photoionization cross sections ghgarameters for neon 2p subshell ionization from 30 to
300 eV [79Wu1.

Energy

B

Energy

O2p O2p
[eV] [10728 cnd] [eV] [10728 cnf]
30.0 8.86 0.42 170.0 1.06
40.0 8.69 0.79 180.0 0.93
50.0 7.92 1.03 190.0 0.81
60.0 6.85 1.18 200.0 0.70
70.0 5.40 1.27 210.0 0.62
80.0 4.57 1.31 220.0 0.54
90.0 3.85 1.33 230.0 0.48
100.0 3.30 240.0 0.43
110.0 2.80 250.0 0.38
120.0 2.34 260.0 0.33
130.0 1.96 270.0 0.29
140.0 1.67 280.0 0.26
150.0 1.44 290.0 0.23
160.0 1.24 300.0 0.21
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1.4 Elastic and inelastic scattering

1.4.1 Relationship of cross sections to the index of refraction and scattering
factors

In contrast to the material presented in the previous two sections, there is comparatively little data on
the scattering of photons from single atoms. There are two reasons for this. First, except at extremely
high photon energies, the cross sections for photon scattering are much smaller than those for photon
attenuation or ionization. As a result, experiments of single scattering from free atoms are more
difficult and those that have been performed have been done mainly as a check on theoretical
calculations rather than as a source of data to be used directly for applications. Second, while
scattering from free atoms is an important process in applied fields, most of the experimental work
has been performed within the basic context of scattering from aggregates of atoms. As a result, the
experimental work attempts to provide information on optical constants at low energies or on
scattering factors over an extended energy range which essentially provide a correction to the
scattering from free electrons for each atom as a function of incident photon energy. A knowledge of
the relationships between these quantities and scattering cross sections is essential to understand the
experimental data and is given briefly below.

Basically, scattering from free atoms is of three types, namely:

a) Elastic scattering, where the photon transfers no energy to the atom.
b) Inelastic scattering, where there is a transfer of energy.

c) Resonant scattering, where the photon excites an atomic level which then re-emits a
photon of the same energy, or the atom decays by emitting photons (or electrons) of
different energies.

At low energies; i.e., below all ionization potentials inelastic scattering does not occur and the
elastic scattering cross section for free atoms is simply related to the index of refraction. Resonant
scattering occurs only for energies near atomic levels and results in an increase in cross sections and
variations of the index of refraction known as anomalous dispersion. At higher energies inelastic
scattering can occur but occurs mainly in the backward direction. Elastic and inelastic scattering are
referred to as coherent or incoherent scattering or alternatively as Rayleigh (or Thomson) and
Compton scattering. At higher energies resonant scattering can occur at energies near absorption
edges and is termed resonant anomalous scattering. Although this is a subject of interest in molecules
and solids, there have been few scattering measurements of this type for free atoms.

Since at low energies nuclear scattering and relativistic effects are negligible scattering from free
atoms is assumed to be only from bound electrons. To the extent that the electrons in an atom are
unbound, only elastic scattering can occur and the differential and total cross section for scattering
will be given by the expressions:

j—?)z%rﬁ(ﬂcos"@) (4)
8n
o= rZ =6.65(10%° (5)

where @/dQ is the differential cross section for scattering into amfjjle,, is the total cross section
andr, is the electron radius. Coherent scattering from free atoms is modeled by defining correction
factors that must be multiplied by the differential cross sections to account for the fact that the
electrons are bound. Eq. 4 now becomes:
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j—g_%r (1+cosO)2 6 .Z) (6)

where the momentum transferis defined in terms of the incident energyand scattering angle
as

@
q= 2 sin7 (1)

and f(q, Z2) is a scattering factor which depends on the momentum tragsfand hence the
scattering anglé)

When absorption can occur an imaginary component must be added to the scattering factor
f,(0, Z) to indicate a loss of intensity in the forward direction. B, Z) andf,(0, Z) depend on the
incident photon energy and are related to one another and to the total absorption cross section.
f,(0, Z) is proportional to the absorption cross section:

£,(0,2) =§CEo( E 2 ®)

whered(E) is the absorption cross section. The consfaist9.11 when the enerdyis in eV and the
cross section in barns (Fcn?).

The forward scattering amplitudg0, Z) can be obtained from the absorption cross section via a
dispersion relation:

£,(0,2)= 2+ CJL‘EZ)ds 9)

The scattering factors described above depend on the atomic ndrabéron photon enerdyp. One
of the most important applications of the data described in the previous sections is the estimation of
the scattering factof;(0, Z) using Eq. 9. This requires a knowledge of the absorption cross section
for each element over those energy ranges which make appreciable contributions to the integral in
Eq. 9.

The forward scattering factés(0, Z) is also related to the index of refraction. The relationship is:

n=1-9;d=2.7210" A%,(0, 2) (10)

wheren is the index of refraction amithe wavelength .

Although inelastic scattering is important in molecules and solids at low energies; e.g., below
100 eV, the cross sections are negligible for all atoms compared to those for photoabsorption and
elastic scattering. At higher energies the Compton effect has been studied mainly at large angles
where it is possible to resolve photons elastically and inelastically scattered. In analogy to elastic
scattering, inelastic scattering from free atoms is modeled by defining a correction factor which
multiplies the free electron differential cross section for Compton scattering given by the Klein-
Nishima formula:

2 201 _
Aoy _ ri[1+ k(1-cos8)[2[1+ CO§Q+M

11
dQ 2 1+k(1-cosf )] (11)

wheref is the scattering angle akds the photon energy imc units (511 keV).

As for elastic scattering, atomic effects are modeled by multiplying by an incoherent scattering
factor g, Z) which depends oq, the momentum transferred in the collision and atomic nur@ber
The differential cross section is then:

do _doyy
— =—KNgqg2 12
daQ dQ a (12)

and the total cross section can be obtained by integrating over all angles.
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As stated previously, there has been little experimental work on scattering from free atoms
although there have been theoretical calculations of form factors as described above and direct
calculations of scattering cross sections for both elastic and inelastic scattering. The available
experimental data falls into the following categories which will be described below:

A. Measurements of the index of refraction at energies below all excitation thresholds.

B. Measurements of elastic scattering cross sections at specific wavelengths both at low
energies and in the X-ray range.

C. Measurements of inelastic scattering at high energies on solids where it is assumed that the
atoms in the solid scatter as free atoms.

In order to show the relative importance of scattering and absorption, Table 57 gives theoretical
estimates of the total cross sections for absorption,elastic and inelastic scattering from rare gases and
hydrogen at various energies. Note that scattering is orders of magnitude smaller than absorption for
all elements at energies below 100 eV, but becomes important for light elements in the energy range
between 1 and 10 keV. For heavier elements scattering is negligible for energies below 10 keV but
becomes important for all elements at energies above 100 keV.

Table 57.Cross sections for photoabsorption, coherent and incoherent scattering #ded]|

Element Energy [keV] Cross section [fbhcnt]

Absorption Coherent Incoherent
Hydrogen 0.1 19300 0.664 0.001
Helium 0.1 359000 2.66 0.0008
Neon 0.1 4110000.0 66.5 0.0021
Argon 0.1 1310000.0 215.0 0.006
Hydrogen 1.0 10.9 0.579 0.085
Helium 1.0 413.0 2.52 0.072
Neon 1.0 266000.0 63.6 0.186
Argon 1.0 210000 202.0 0.471
Hydrogen 10 0.0046 0.0416 0.599
Helium 10 0.191 0.395 1.08
Neon 10 380 13.4 3.96
Argon 0 4120.0 49.2 6.18
Argon 100 3.7 14 8.5
Krypton 100 74.0 8.2 16.2
Xenon 100 383.0 23.0 23.7

1.4.2 Measurements of the index of refraction

The indices of refraction of the rare gases were measured by Cuthbertson and Cuthbertson in 1910
[10Cu] at a number of wavelengths in the visible spectrum and much later the measurements for
helium and neon were extended to shorter waveleng2Gy1.
This and other early work was found to be well represented by the simple formula:

C

n-1= 13
oy (13)

Landolt-Bornstein
New Series I/17A



1-70 1 Photon interactions with atoms [Ref. p. 1-77

Tables of the constantg and C for all of the rare gases and the ranges of wavelengths where the
formula is valid are given in a review article by Korft and BraRKo1]. A table of the values af —

1 for wavelengths between 6200 and 2300 A is given by La&ira[l]. Actually, all of the earlier
measurements of the index of refraction made by various authors where there is no anomalous
dispersion agree very well. This is demonstrated in Fig. 32 where the measurements of Cuthbertson
and Cuthbertson are compared with the tabulated data of Larsen. The agreement is better than 1 %.
Table 58 gives the index of refraction for neon as measured by Cuthbertson and Cuthbertson
[32Cul. This table along with the tabulation given i®2[al provided a compete set of
experimental data in the normal dispersion range for all of the rare gases.
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Table 58.Refractive index of neor8pCul.
Wavelength A] (n - 1)10° Wavelength A] (n - 1)10°
5462.23 67.250 3664.10 67.891
4917.40 67.372 3342.42 68.129
4359.54 67.540 3132.59 68.324
4078.97 67.662 3022.37 68.447
4047.68 67.675 2968.13 68.516
3907.56 67.744 2894.44 68.612

1.4.3 Measurements of elastic scattering

Although there were some earlier measurements of elastic scattering cross sections to compare with
refractive indices41Cal 25Dal, 51Val], the major emphasis of this type of work was the study of
polarization upon scattering in an attempt to obtain the polarizability of molecules. Definitive
measurements on the rare gases were not done until the 1960's using ruby laser light (6943 A) or
Lymana (1216 A). The elastic differential cross section in these measurements is expressed as:

do
dQ

—— =0gg[(1-p)cos’d + p]

(14)
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where p is a depolarization ratio. For both atoms and molecules one expectéfadisisibution

(p = 0) for horizontal polarization and an isotropic distributipn=(1) for vertical polarization since

the angular distribution depends only on the direction relative to the polarization of the incident
beam. George et al63Gel 65Ge] obtained a cd® distribution for horizontal polarization of 6943

A light on argon and xenon but did not obtain a isotropic distribution for vertically polarized light.
Subsequent experiments made on nitrogen molecules using 6945\Wap 68Rul gave an
isotropic distribution for vertically polarized light in agreement with theory. The Rayleigh cross
sectionogis related to the index of refraction by:

_4m(n-1°
R NZ/\A
whereN is Loschmidt's number 2.6874@nr>; i.e., the number of atoms/énn an ideal gas at
standard temperature and pressure and the wavelength in cm. Table 59 gives the measured
values obtained fooy for the rare gases and some molecular ga&®641 68Ru] as well as the
cross section obtained from the measured values of the index of refr&&2ioal], The results of
68Rulagree very well with the refractive index data. Both measurements were absolute.

Measurements of the refractive indexay at 1216 A for argon, krypton xenon and molecular
hydrogen and nitrogen were made by Gill and Hedé&G[i]] and of helium, neon, argon and
molecular hydrogen and nitrogen by Shardanand and Mika@#&SH]. Neither of these
measurements were absolute, but they normalized using previous refractive index measurements
[62He] for nitrogen or theory §5Ch] for helium. Table 60 gives the results of all of these
measurements using the theoretical normalization.

In the X-ray range of energies (1...30 keV) there were a number of experiments performed before
1932 which measured the total scattering cross sections for various gases and both theoretical
[31Wo01]] and experimental work during that period has been summarized by Waiwd1].
Experiments were performed on helium,neon, argon and mercury and as well as hydrogen,oxygen
and nitrogen in molecular form and the results compared with theoretical calculations. Practically all
of the work was presented in graphical form and compared with theory. In these early experiments it
was impossible to separate coherent and incoherent scattering, but the agreement with theory was
remarkably good in most cases. Since it was assumed that the cross sections depended only on
momentum transfer what was plotted was the scattering per electron as a function of momentum
transfer, sin@/2)/A where@ is the scattering angle adthe wavelength in A (I8 cm). An example
of this type of experiment is shown in Fig. 33 for helium. The measurements were made at
wavelengths of 0.32BBaf and 0.71 A 81WoJ, (31.8 and 17.4 keV). The theoretical calculations
are by Waller and Hartre@9Wal.

A careful set of measurements were made by Chipman and Jen6B@B] using 17.4 keV
radiation for neon, argon, krypton and xenon. Their results are shown in Table 61. Their results for
neon and argon are in good agreement with the earlier work of WallW¢3. In order to estimate
the elastic scattering form factbfq, Z) they estimated the cross sections due to inelastic scattering
from theory and used measured values of the absorption cross section to correct their measured
results. The results for all gases showed good agreement with theoretical calculations as shown in
Table 62. The calculated form factors are from various sourcesg3€a).

Ice et al. F8Ic1] measured cross sections for helium and molecular hydrogen at several energies
and two angles using synchrotron light. Their results, when normalized to theory showed good
agreement with theoretical calculations as shown in Table 63 for both gases. They also made
absolute measurements at several energies and found that the measured cross sections were
somewhat lower than theory, but within their estimated error.

Smend and CzerwinskiBfSm] made measurements of the elastic scattering of 59.54 keV
photons from krypton and xenon at angles between 20 arfd TB® measurements were compared
with calculations of the scattering cross sections which included a small contribution for nuclear
scattering. The results are shown in Table 64. The calculations in this &&§d][are direct

(15)
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calculations of the differential cross sections for elastic scattering which do not make the
approximations inherent in using form factors.

There have been no measurements of inelastic scattering cross sections for free atoms or,
alternatively measurements of the incoherent scattering f&upF) for free atoms. However, there
have been a number of measurements of this type for solids at energies where it is reasonable to
expect the atoms in the solid to scatter as free atoms. An example of this type of data is given in
Table 65 which compares the measured differential cross sections for a number of elements for
scattering of 59.5 keV radiation at £2J@4Kul] to those obtained via theorygHul]. At this value
of momentum transfer peaks due to inelastic and elastic scattering can be resolved so that only
inelastic scattering is measured. The measurement in this case was normalized to the theoretical
differential cross section for aluminum.

)0 Table 60. Rayleigh cross sections for
‘ Helium scattering by 1214 light. From B3Gi]]
and Bb7Sh1, theory B5Ch1.
sl Gas Cross section [18 cn]
£ o
< 0 Experiment  Theory
= x total
g He 0.41 0.41
= 10r Ne 1.8 1.7
=4 incoherent Ar 76.0 76.0
g Kr 714.0
2 Xe 2.310"
2 051 N, 77.0
H, 26.0
coherent
| | |
0 02 04 06 08 10

Momentum transfer (sin 6)/A [A ']

Fig. 33. Cross sections for scattering of 17.4
and 31.8 keV photons by helium from various
sources 32Woll.

Table 59.Cross sections for elastic scattering by 684fyht.

Gas Cross section [1% cn?]

65Gel 68Rul 62Lal
He - 0.0296+ 0.0014 0.0284
Ne 0.228 - 0.108
Ar 4.04 1.88+ 0.09 1.85
Xe 27.4 11.55+ 0.55 11.38
N2 5.0 2.12+ 0.09 2.10
H> 0.438+ 0.026 0.449
D, 0.431+£ 0.021 0.449
N>O 6.40+ 0.31 6.40
CH, 4,56+ 0.22 4.49
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Table 61. Measured values oflz(q, Z) (see eqgs. 6 and 7) for the rare gagCh] before making
corrections for absorption and inelastic scattering.

Neon Argon Krypton Xenon
9 f12 0 f12 0 le 9 le
3.76° 9.88 3.69° 17.72 3.73° 34.7 3.74° 52.8
4.59° 9.79 4.53° 17.54 4.57° 34.5 4.56° 52.4
7.33° 9.49 7.28° 16.77 7.31° 33.2 7.31° 50.5
10.22° 9.03 10.18° 15.71 10.20° 31.6 10.21° 48.2
14.13° 8.37 14.09° 14.14 14.13° 29.2 14.14° 447
22.05° 6.79 22.03° 11.40 22.08° 25.1 22.09° 38.7
27.02° 5.94 27.03° 10.20 27.07° 22.9 27.07° 35.8
32.01° 5.24 32.03° 9.36 32.06° 21.0 32.06° 33.0

Table 62. Estimated contributions of inelastic scatteripgand absorptiorf, to
the measurements shown in Table 60 and comparison of corfe¢ek. 6 and
7) with theory {,).

Gas 0 fin fa fq fin
Neon 3.76° 0.2 0.02 9.87 9.86
4.59° 0.3 0.02 9.78 9.79
7.33° 0.7 0.02 9.46 9.47
10.22° 1.2 0.02 8.97 9.01
14.13° 2.0 0.02 8.26 8.26
22.05° 3.7 0.02 6.51 6.59
27.02° 4.6 0.02 5.54 5.61
32.01° 5.4 0.02 4.70 4.76
Argon 3.69° 0.6 0.20 17.71 17.62
4.53° 0.8 0.20 17.52 17.43
7.27° 1.7 0.20 16.72 16.61
10.18° 2.7 0.20 15.63 15.50
14.09° 4.3 0.20 13.99 13.85
22.03° 6.7 0.20 11.10 10.92
27.03° 7.8 0.20 9.81 9.61
32.03° 8.8 0.20 8.88 8.68
Krypton 3.73° 1.0 2.8 34.61 3541
4.57° 1.0 2.8 34.34 35.12
7.31° 2.0 2.8 33.05 33.88
10.20° 4.0 2.8 31.43 32.24
14.13° 6.0 2.8 29.00 29.83
22.08° 9.0 2.8 24.80 25.50
27.07° 11.0 2.8 22.43 23.40
32.06° 12.0 2.8 20.54 21.63
Xenon 3.73° 1.0 2.2 52.70 53.06
4.56° 1.0 2.2 52.30 52.62

7.31° 4.0 2.2 50.38 50.71
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Gas 0 fin fa fq fin

Xenon 10.21° 6.0 2.2 48.07 48.24
14.14° 8.0 2.2 44,58 44,76
22.09° 14.0 2.2 38.48 38.69
27.07° 16.0 2.2 35.41 35.67
32.06° 18.0 2.2 32.68 33.03

Table 63. Deviations of the measured

relative

differential cross sections of ;Hand helium from
theoretical predictions {bBe] for H, and [f3Br]] for
helium).From F8lc1]. ') Normalization point.

Gas 9 Energy (do/ dQ)ey,
[keV] (dO’/ d-Q)theor
He 60.9° 6.0 1.001
135.6° 6.0 0.987
60.9° 2.0 0.987
135.6° 12.0 1.06)
H, 60.9° 5.0 0.996
60.9° 6.0 1.007
60.9° 7.0 0.986
135.6° 5.0 1.001
135.6° 6.0 1.005
135.6° 7.0 1.00)

Table 64. Experimental and theoretical differential cross sections for

elastic scattering of 59.54 keV photons from krypton and xenon. Cross

sections are in units of 1% cn? srl Theoretical values are from
[80Ki1]. From [B6Sm].

0 Krypton Xenon

Experiment Theory Experiment Theory
20° 11.86(20) 11.17 32.00(71) 30.24
30° 4.43(11) 4.190 16.62(32) 15.71
40° 2.38(5) 2.317 9.18(19) 8.067
50° 1.44(3) 1.467 4.74(11) 4.058
60° 0.888(22) 0.924 2.56(6) 2.292
70° 0.524(14) 0.579 1.67(4) 1.519
80° 0.350(6) 0.380 1.24(3) 1.149
90° 0.273(8) 0.272 1.07(3) 0.960
100° 0.221(7) 0.217 0.904(20) 0.867
110° 0.200(7) 0.191 0.873(23) 0.831
120° 0.179(6) 0.182 0.847(22) 0.830
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Table 65. Experimental and theoretical differ-
ential cross sections for inelastic scattering of
59.54 keV photons at 120 from various
elements. Cross sections are in units of
102* cn? srl. Theoretical values are from
[75Hul]. Experimental values from®jKul].

Element Z) Cross section

Experiment Theory

Ti (22) 0.8271 0.8306
Ni (28) 1.0336 1.0441
Zn (30) 1.1049 1.1159
Se (34) 1.2048 1.2558
Mo (42) 1.4326 1.5326
Ru (44) 1.4214 1.6019
Cd (48) 1.6615 1.7340
Sn (50) 1.6416 1.7898
Te (52) 1.6916 1.8662
Yt (70) 1.8813 2.4056
W (74) 1.9985 2.5467
Pb (82) 2.1043 2.7928

Appendix: Alternative sources of data

The aim of the present chapter has been to present critically evaluated experimental data on photon
ionization and scattering from free atoms. This data base is necessarily incomplete since
measurements covering the whole spectral range from the ionization threshold to 10 keV have only
been made for rare gas atoms. However there are additional sources of data that may be used which
are not covered in this report. Basically, these sources are of four different types, namely:

A. Other review articles which include data or references not presented here
B. Measurements made of molecules and/or solids

C. Theoretical calculations

D. Data bases which have been assembled for specific applications

E. On line data

Brief descriptions of these sources will be given here.

A. Other review articles

There have been a number of reviews which contain material similar to that reporteAhév@].[

The entire subject of atomic photoionization was reviewed in 1982 by J. A. R. Sad§oarid the
experimental techniques used discus®4]] and these references are still useful, since they contain

a comprehensive history of the subject, a discussion of experimental techniques and attempts to
reference all of the experimental data available at that time. This work is complimented by the book
by J. Berkowitz A3] which, in addition to presenting much of the available data on both atoms and
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molecules surveys the theory of the various processes. The chapters on partial cross sections and the
angular distribution of photo electrons are especially useful.

More recently, SchmidtA6] has provided a comprehensive review of the more recent work on
rare gas photoionization using synchrotron radiation. He discusses recent theoretical and
experimental developments and provides a detailed bibliography. Sonntag and ZimmefAThnn [
have reviewed the recent work on relative measurements of metallic vapors using synchrotron
sources. Finally, a recent bookd] contains much useful information about recent photoionization
measurements in atoms molecules and solids principally using synchrotron sources. The chapter on
partial cross sections and angular distributions is particularly useful and provides much more
detailed information than is contained in Section 1.3.

B. Measurements made on molecules and solids

Although photon processes on molecules and solids are not the subject of this report information of
them particularly at higher energies where most of the photoionization comes from inner shells and
is expected to be approximately the same as for free atoms. At lower energies information on the
photoionization of molecules can be found AB[ A8]. For oxygen and nitrogen a useful source is

the compilation of Fennelly and Tor®ZFe]. In the energy range above 100 eV most of the
experimental data on photon attenuation has been tabulated by Saloman &%, 1] for all
elements and compared with theoretical calculations. The tabulation is extremely useful since the
data is presented in both graphical and tabulated form. This data base in fact served as a starting
point for the present tabulation.

C. Theoretical calculations

Since there is little or no data for most atoms, one must rely on theoretical calculations for those
cases where no data exits. Such calculations have been carried out for photoionizaton, elastic and
inelastic scattering over the entire energy range considered here and for all elelidnrtsl§].

Early tabulations based on theory have been quoted previously, na®hel which gives
photoionization, elastic and inelastic scattering cross sections from 100 eV to 1 MeV for all
elements based mostly on theoretical calculatio@8S¢] which gives photoionization cross
sections for all elements from 1 keV to 1.5 MeY9Re] which gives photoionization cross sections

for atoms and charged ions from 5 eV to 5 keV andzfer31, and T5Hul] which gives elastic and
inelastic scattering cross sections from 100 eV to 10 MeV for all elements. Other similar tabulations
[A11-A14] have been made and may be useful for specific applications.

D. Data bases that have been assembled for specific purposes

While there are a number of data bases that contain data on photoionization and scattering cross
sections we list here only those that are based largely on experimental information which has been
supplemented by theoretical calculations. Photoionization cross sections for all elements are
available in the energy range from 100 eV to 100 ké\i(] which are based on theoretical
calculations 73Sc]. The tabulation lists also experimental results for each element and compares
both graphically and in tabular form the experimental results with theory. References to all of the
experimental papers quoted are given. Similar data over a broader energy range is avadie in [
A18]. Data for photoionization, and elastic and inelastic form factors for all elements in the energy
range from 50 eV to 30 keV which are based on a careful analysis of all of the available
experimental and theoretical data available is giverAitO]. The data for photoionization given in

this reference is compared with that éf1D] in some detail inA9]. A tabulation similar to that of

[A19] based solely on theoretical cross sections is also availabg].[

E. On line data
It is possible to obtain data on photoionization via the world-wide web from a number of sources.
One of the easiest ways at present to obtain access to these sources is to contact directly one of two
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addresses, namely ORNL (Oak Ridge National Laboratory; http://www-cfadc.phy.ornl.gov/) or the
Weizmann Institute (http://plasma-gate.weizmann.ac.il/). Both of these sources maintain links to data
bases which contain both numerical and bibliographic information on photoionization and scattering
processes.

Currently the main links to data bases from ORNL which contain data on photon processes are
the atomic data base for astrophysics at the University of Kentucky, which contains theoretical cross
sections for photoionization; the Corex Data base at McMaster University, which provides data on
inner shell excitation processes for atoms and molecules and Topbase, the data base for opacity at the
University of Strasbourg which provides theoretical photoionization cross sections for atoms and
ions for light elements. The most useful links that can be reached from the Weizmann address are the
Interactive Elastic-Atom Scattering Database at Lawrence Livermore Laboratories, which provides
theoretical cross sections for elastic photon scattering for all elements and DABAX, the data base for
X-rays of the European Synchrotron Radiation Facility, which provides on lie X-ray scattering
factors and photoabsorption cross sections from various tabulations, and the Henke Scattering
Factors data base, maintained by Uppsala University which provides the scattering fackdrg] of |
online.
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