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order of the phase-integral approximations to be
used in the definition (14) of L(E), we may expect
formulas (15) and (16) to be very accurate.

IV. FERMI-SEGRE FORMULA

In accordance with the quantization condition
(15) we now replace [(8/8E)L(E)]z.z by mldn/dE,),
i.e., by 1/(dE,/dn). In this way we obtain from
(16) the nonrelativistic Fermi-Segré formula

V2(0) = —2yEn (18)

Tae® dn
where dE,/dn is to be obtained by means of spectro-
scopic data.

Like formulas (15) and (16), also the nonrela-
tivistic Fermi-Segré formula (18) is exact in the
particular cases of the attractive, pure-Coulomb
potential and of the potential (17).

Recalling what was said at the end of Sec. III
about the accuracy of formulas (15) and (16), we
may draw the following conclusion as to the ac-
curacy and applicability of the nonrelativistic
Fermi-Segré formula (18). If the idealized model
used in the present paper were physically realistic,
i.e., if it were completely justified to use the
one-particle model with a nonrelativistic s elec-
tron moving in a local potential, which in a cer-
tain region around =0 is approximately a Cou-
lomb potential due to a point-shaped nucleus of
charge number Z, then the essential limitation
for the accuracy of the nonrelativistic Fermi-
Segré formula should be connected to the possibili-
ty of calculating de, /dn by interpolation from the
spectroscopic term values. For unperturbed
terms this calculation has been discussed by
Crawford and Schawlow on p. 1312 in Ref. 3.
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The bremsstrahlung emitted from a tungsten anode in an x-ray tube has been used for con-
tinuous analysis of krypton and xenon absorption spectra between 8 and 0.8 keV (1.5 to 15 A).
Attenuation coefficients were determined every 0.05 A between 1.5 and 8 A (in steps of energy
varying from 150 to 10 eV) and every 0.1 A between 8 and 15 A (20 to 5 eV). Results obtained
are compared with previously determined experimental values and with semiempirical and
theoretical determinations. Tabulated data of McMaster et al. and calculations of McGuire
are shown to be in good agreement with the experimental results, generally within 10%. Mul-
tiply excited and ionized states have been observed in krypton, owing to simultaneous inter-
action of incident radiation with 2p and 4p (and 4s) electrons, and a nonhydrogenic behavior of
the xenon 3p-subshell photoionization cross section has been revealed. Krypton and xenon L
and xenon My absorption jump ratios have been determined. Finally, continuous oscillator
strengths of krypton and xenon L shells and the xenon M shell have been evaluated.

1. INTRODUCTION semiempirical methods elaboratéd for attenuation-

coefficient determinations (J6nsson, ! Victoreen, 2

Until about 1960 all x-ray attenuation-coefficient
measurements were performed using x-ray char-
acteristic lines as radiation sources. The various

Henke et al., 8 Leroux, * and Heinrichs) were thus
based on a few discrete data points for each ele-
ment. Using synchroton radiation has made possi-



2068 FRANCOIS WUILLEUMIER

ble, in the ultrasoft x-ray region, a continuous
analysis in energy of the attenuation coefficients.
Nonhydrogenic behavior of subshell photoionization
cross sections has thus been revealed in heavy
elements® by such an analysis, in agreement with
theoretical calculations.” A great number of ab-
sorption lines, appearing in spectra as more or
less weak variations of attenuation coefficients,
have also been discovered in rare gases® and
attributed to single- and multiple-excitation pro-
cesses. At the same time also, Lukirskii® de-
veloped a method of using bremsstrahlung emitted
by an x-ray tube in the ultrasoft x-ray region.

In the soft x-ray region (1 to 10 keV), we were
the first to carry out such an analysis in neon and
argon, by using bremsstrahlung emitted from an
x-ray tube operated with a tungsten anode.'® We
have done similar measurements in krypton and
xenon. Results related to discrete single and
multiple processes have already been published. *
We will present here attenuation coefficients mea-
sured in gaseous krypton and xenon by continuous
energy analysis of their absorption spectrum. In
the whole energy range of this study (0. 8—-8 keV),
only a few attenuation coefficients have been mea-
sured in these elements by means of characteris-
tic lines. The only similar studies have been
carried out by Senemaud!? in beryllium and carbon,
and by McCrary et al.'® for metals in a higher
energy range (25-130 keV). We will also compare
our results with McGuire’s calculations using
Herman and Skillman’s central potential, ° with
various semiempirical determinations and with
recently tabulated data in compilations of Storm
and Israel'® and McMaster et al.'” Finally we will
give krypton and xenon L jump ratios and continuous
oscillator strengths.

II. APPARATUS

The narrow-beam mass-attenuation coefficient
u/p in units of cm?/g is defined by the relation

I/Ioze-(u/l?)x, (1)

where I/I, is the gas transmissivity and x is the
sample thickness in g/cm?.

The apparatus has been described in detail else-
where. 1 We will only recall its essential charac-
teristics.

A Johann vacuum spectrographwitha 50-cm bent
crystal was used for the measurements. Various
crystals (quartz, gypsum, mica) allowed us to
cover the whole energy range. Bremsstrahlung
emitted from W or Pt anodes in an x-ray tube was
filtered through two 0. 5-pum Al foils or one 25-um
Be foil, according to the x-ray energy. Several
characteristic x-ray lines served to calibrate en-
ergy in the spectrum. The tube was powered by a
12-kV 100-mA power supply. The highvoltage and

|l

current stabilization were, respectively, better
than 2x10* and 10, 500 W of power was usually
dissipated in the anode.

Continuous coverage of the energy range was
assured by a photographic detection. The film
was placed in a holder, kept tangent to the focal-
ization circle and equipped with a shutter which
could be moved along the height of the film, de-
lineating six positions noted P, to Pg. Dif-
ferent types of films were used: Kodak Difrax
above 1. 2 keV, Kodak Spectrum Analysis No. 3
and DC3 below 1. 2keV. Thefilm responses d=f(I)
(where d is the optical density and I the radiation
flux) have been determined!®!® in the whole energy
range. A Joyce Loelb microdensitometer was
used for analysis of the films.

The gas was introduced in a small cell located
between the x-ray tube window and the crystal.
This location had been shown®® to be the best for
narrow-beam-attenuation measurements, because
most of the secondary radiations, emitted or
scattered in the gas, cannot reach the detector.
Three cells of different lengths were used, accord-
ing to the Bragg angle of each experiment. Two
apertures in the walls of the cell allowed the radi-
ation to be transmitted to the crystal. Depending
on the energy of the radiation, they were covered
with 6- or 4-um Mylar foils or 2-um Makrofol
foils which were able to keep in the cell a pressure
of several hundred Torr without leaking. The
sizes of these apertures had been calculated so that
all the radiation passing through the cell can only
reach the crystal and be reflected. The solid
angle thus delineated was about 10°% The gas
pressure was measured by means of an 0il manom-
eter using low vapor pressure (10 Torr) and low-
viscosity silicon 0il. The gas temperature was
measured with a thermocouple.

Samples of research grade noble gases were
pu. chased commercially. Quantitative analysis
performed by the vendor indicated that the gases
had the following purities: krypton 99. 95%, xenon
99. 95%.

III. EXPERIMENTAL PROCEDURE

The geometrical width of the spectrum for each
run was about 40 mm, corresponding to an energy
width from 40 to 400 eV; this energy range will be
called hereafter the partial energy range. Each
crystal could be adjusted at Bragg angles ranging
from 30° to 65°, and five different crystals allowed
us to cover the whole energy range as indicated in
Table I. Also given are the reference lines used
to calibrate in energy the spectra.

For each partial energy range, six spectra were
recorded on the positions P; to Pg. They were
taken in the following sequence: unattenuated photon
beam intensity, attenuated intensity by a certain
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TABLE I. Summary of experimental conditions.
Wavelength  Energy
range range Reference
(A) (keV) Crystal dy (ux) lines
1.5-2.5 8.3—5.0 Quartz 0001 1797.79* (Cr-V-Fe)Ka B,
in first order
2.1-4.5  6.0-2.7 Quartz 1120 2451.23° (Cr-V-Ti)Ka g,
(Sn-Ag-Pd) La,p,
in first order
4.0-7.6  3.1-1.6 Quartz 1010 4244.91* (Nbto Ag)La B,
in first and second
orders
7.0-13.5 1.7-0.9 Gypsum 010 7579.07° (Nb to Ag)La B,
in second and third
orders
(Cr-V-Ti)Ka,
in fourth order
10.0-15.0 1.2-0.8 Mica 002  9927.58° (Ru to Ag)La B,

(Ti to Cr)Ko By
in fifth order

2Reference 21. °Reference 23.

bReference 22.

gas pressure, unattenuated intensity, attenuated
intensity with another pressure, unattenuated in-
tensity, reference lines. Exposure times for un-
attenuated beam varied from 15 min to 5 h, the
x-ray-tube high voltage being kept lower than twice
the smallest energy of the partial energy range
under study. The pressures in the gas cell were
selected to give a value of I/Ifrom 0.1 to 0. 4,
thus varying from 7 to 100 Torr. Exposure times
for attenuated beams were adjusted in order to

get similar optical densities for all spectra record-
ed on the same film. The gas pressure and tem-
perature were continuously measured during each
run,

Recording of unattenuated beam intensity on the
whole film without shutter allowed us to determine
an intensity correction factor for each position;
the x-ray-tube emission was checked to be steady
by successively recording, in the same conditions,
the unattenuated beam at each position,

For each partial energy range three to five com-
plete sequences were recorded. Sample lengths,
pressures, and recording positions of unattenuated
and attenuated intensities were changed between
each sequence. Finally, ten densitograms were
recorded for each film with the microdensitometer.

IV. DATA ANALYSIS

From the continuous transmission curves on the
densitograms the attenuation coefficients were
calculated every 0. 05 A between 1.5 and 84 (in
steps of energy varying from 150 to 10 eV) and
every 0.1 A between 8 and 15 A (20 to 5 eV).

The energy scale on each densitogram was de-
termined from the two reference lines recorded by
using Haglund’s formula.? The wavelengths of the
lines in kxu (kilo x units) were taken from Cauchois
and Hulubei’s table. # The wavelengths were conver-
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ted to energies by the relation®
E(eV)Mkxu)=12372. 855 .

The optical densities measured were related to
radiation flux intensities I, and I by means of the
measured film-response function. The value of
I, used was the mean of the unattenuated beam
intensities measured before and after recording
the attenuated beam. Using the ratio I/I, thus de-
termined and P and T measured, attenuation coef-
ficients were calculated by means of relation (1)
which can be written, considering krypton and
xenon as perfect gases,

1 P I
k1 fe _T_ln_o , (2)
Pem?/ey Pol I

where pg is the density of the gas STP, [ is the
length of the cell, Py and Ty are STP values,
namely, 760 mm Hg and 273.15°C, P and T are the
measured pressure and absolute temperature,
respectively. The values of py used were 3. 733

x 10" g/cm® for krypton and 5. 887x102 g/cm® for
xenon. 7 For the pressures and temperatures used
in these experiments, the error introduced by
assuming the validity of the perfect-gas law was
negligible.

Possible sources of error in the experimental
measurements include the following: beam in-
tensity measurements, sample characteristics
(length, pressure, and temperature), gas purity,
and finite geometry.

Beam intensity measuvements. Errors in u/p
due to electronic variations are negligible (~0.1%)
because of the high degree of tube-voltage and tube-
current stabilization. Errors due to optical den-
sity measurements are the most important. They
can introduce an uncertainty of 3 to 4% in each
independent attenuation-coefficient determination.
The high number of measurements for each attenu-
ation coefficient significantly reduced the effects
of this factor.

Sample characteristics. Errors due to cell-
length measurements were between 0.6 to 1. 1%,
according to the cell used. Errors in u/p due to
temperature and pressure measurements were,
respectively, about 0.1% and 0. 15 to 0. 65%.

Gas purity. Errors in u/p due to sample im-
purities were less than 0.1% for all the measure-
ments.

Finite geometry. Small-angle scattering of
photons to the crystal and multiple Compton scat-
tering by the chamber walls and gas would tend to
lower the measured attenuation coefficients. How-
ever, the position of the absorption cell between
the x-ray tube and the crystal, the narrow-beam
geometry, and the very low total scattering cross
section, less than 1% in almost allthe energy range,
make this source of errors negligible.
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Maximum errors in independent determination of low energy; this represents an almost constant

1/p canreachalmost 6%. However, applying least- relative error of about 107,

squares methods tothe tenvalues determined for each V. RESULTS

attenuation coefficient allowed us to obtain a )

standard deviation of 1 to 2% for most of the en- The results of the experimental measurements

ergies. are listed in Table II. Columns 1 and 2 give X in
Evrvor in the enevgies. The method of determin- kxu and the corresponding energy E in eV, Col-

ing the energy scale and the accuracy of reading umns 3 and 5 give measured attenuation coefficients

the densitograms lead to errors on the energies for krypton and xenon in cm?/g. The quoted errors

varying from 0.8 eV at high energy to 0. 06 eV at are twice the standard deviation, giving the 95%

TABLE II. Experimentally determined values of x-ray attenuation coefficients in krypton and xenon.
A E Krypton Xenon
lxu eV u/p(10% cm?/g) o(10% b/atom) ©/p(10% cm?/g) 0(10° b/atom)

1.500 8248.6 0.97+0.04 1.32 2.75+0.12 0.59
1.550 7982.3 1.02+0.05 1.39 3.00+0,13 0.65
1.600 7733.1 1.10+0.05 1.49 3.27+0.10 0.70
1.650 7498.6 1.21+£0.05 1.64 3.54+0,13 0.76
1.700 7278.2 1.28+ 0.06 1.74 3.83+0.17 0.84
1.750 7070.2 1.42+0.04 1.94 4.15+0.15 0.90
1.800 6873.8 1.53+0.06 2.09 4.47+0.17 0.97
1.850 6688.0 1.64+0.06 2.24 4.81+0.13 1.05
1.900 6512.0 1.77+0.08 2.42 5.18+0.23 1.12
1.950 6345.0 1.88+0.09 2.58 5.53+0.22 1.20
2,000 6186.4 2.02+0.11 2.77 5.92+0.28 1.28
2,050 6035.6 2.19+£0.13 3.01 6.34+0.22 1.37
2.100 5891.8 2.36+0.12 3.24 6.73+ 0,23 1.46
2.150 5754.8 2.49+0.11 3.42 7.16 £0.27 1.55
2.200 5624.1 2.63+0.12 3.62 7.62+0.31 1.65
2.250 5499.1 2.82+0.15 3.87 8.17+0.31 1.77
Xe 5452, 8* 8.35+0.31 1.59
Ly 5452, 8 7.05+0.23 1.54
2.300 5379.5 2.98+0.17 4.10 7.25+0.23 1.57
2,350 5265.0 3.16+0.16 4.35 7.36 +0.31 1.59
2.400 5155.4 3.35+0.11 4.61 7.92+0.29 1.72
Xe 5103.9* 8.20+0.30 1.79
Ly 5103.9" 5.99+0.21 1.31
2.450 5050.1 3.54+0.15 4.88 6.15+0.23 1.33
2.500 4949.1 3.72+0.16 5.13 6.25+ 0,27 1.35
2.550 4852.1 3.92+0.21 5.40 6.32+0.29 1.37
Xe 4782.5* 6.60 +0.23 1.44
Ly 4782.5" 2.31£0.09 0.50
2.600 4758.8 4.11+0.17 5.67 2,32+0.11 0.50
2.650 4669.0 4,35+ 0,22 6.00 2.44+0.10 0.52
2.700 4582.6 4,54+ 0.23 6.27 2.55+0.14 0.55
2.750 4499,3 4.77+0.19 6.59 2.67+0,15 0.57
2,800 4418.8 5.01+0.22 6.92 2.75+0,18 0.59
2.850 4341.3 5.23+0.17 7.23 2.92+0.16 0.63
2.900 4266.5 5.48+0.23 7.57 3.03+0.14 0.65
2.950 4194, 2 5,74+ 0.24 7.94 3.14+0.11 0.68
3.000 4124.3 6.00+0.32 8.30 3.28+0,14 0,71
3.050 4056.7 6.28 +0.26 8.69 3.42+0.11 0.74
3.100 3991.3 6.53+0.21 9.03 3.57+0.15 0,77
3.150 3927.9 6.82+0.22 9.49 3.73+0.12 0.80
3.200 3866.5 7.12+0.29 9.91 3.88+0.14 0.84
3.250 3807.0 7.40+0.38 1.03x10° . 4.05+0.15 0.87
3.300 3749.3 7.61+0,32 1.06 \ 4.21+0.18 0,91
3.350 3693.4 7.83+0.33 1.09 4.38+0.23 0.95
3.400 3639.1 8.09+0.25 1.13 4.54+0.20 0.98
3.450 3586, 4 8.40 +0.34 1.17 4.73+0.22 1.02
3.500 3535.1 8.70+0.36 1.21 4,91 +0.19 1.06
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by E Krypton Xenon
kxu eV u/p(10% cm?/g) o(10° b/atom) 1/p(10% cm?/g) o (10° b/atom)

3.550 3485.3 0.90+0.05 1.26 5.11 £ 0,18 1.10
3.600 3437.0 0.93+0.04 1.30 5.29+0.14 1.14
3.650 3389.8 0.96+0.03 1.34 5.48 £0.20 1.18
3.700 3344.0 1.00+0.04 1.39 5.69+0.16 1.23
3.750 3299.4 1.04+0.05 1.44 5.88+0.17 1.27
3.800 3256.0 1.07+0.05 1.49 6.09+0.22 1.32
3.850 3213.7 1.11+0.05 1.55 6.32+0.23 1.37
3.900 3172.5 1.15+0.04 1.60 6.51+0.25 1.41
3.950 3132.4 1.19+ 0.06 1.66 6.72+0.24 1.46
4.000 3093.2 1.23+0.06 1.72 6.94+0,.31 1.50
4,050 3055.0 1.27+0.05 1.77 7.21+£0,22 1.56
4.100 3017.8 1.31+0.06 1.82 7.49+0.33 1.62
4,150 2981.4 1.36 +0.06 1.89 7.65+0,31 1.66
4.200 2946.0 1.41+0.06 1.96 7.91+0.30 1.71
4,250 2911.3 1.45+0.05 2.02 8.14+ 0.31 1.76
4.300 2877.5 1.50+0.05 2.08 8.42+0.30 1.83
4.350 2844.3 1.54+0.06 2.15 8.63 +0.27 1.87
4,400 2812.0 1.59+0.08 2.22 8.85+0.33 1.92
4,450 2780.5 1.64+0.06 2.29 9.14+0.38 1.98
4.500 2749.5 1.69+0.05 2.36 9.31+0.26 2.02
4,550 2719.3 1.75+ 0.07 2.43 9.60 +0.31 2.08
4,600 2689.7 1.80+0.07 2.51 9.91 +0.39 2.15
4.650 2660.8 1.86+0.06 2.59 1.01+0.04 2.19
4,700 2632.5 1.91+0.07 2.66 1.04+0.05 2.25
4.750 2604.8 1.97+0.09 2.74 1.06 +0.04 2.29
4,800 2577.7 2.01+0,06 2.80 1.09+£0.04 2.38
4.850 2551.1 2.08+0.06 2.89 1.12+0.05 2.43
4,900 2525.1 2.15+ 0,09 2.98 1.14+0.05 2.48
4,950 2499.6 2.20+0.07 3.06 1.17+0.05 2.54
5.000 2474.6 2.26+ 0,08 3.14 1.19+ 0.04 2.57
5.050 2450.1 2.32+ 0,07 3.23 1.23+0.05 2.66
5.100 2426.1 2.38+0.10 3.30 1.26 +0.04 2,73
5.150 2402.5 2.44+0.09 3.39 1.28 + 0.05 2,78
5.200 2379.4 2.50+0.08 3.48 1.31+0.06 2.85
5.250 2356. 8 2.56+0.190 3.56 1.35+0.05 2.92
5.300 2334.5 2.61+0.10 3.63 1.37+0.05 2.99
5.350 2312,6 2.68+0.13 3.73 1.40+ 0.05 3.05
5.400 2291.2 2.75+£0.10 3.83 1.44+0.06 3.12
5.450 2270.4 2.81+0.14 3.91 1.47+0.07 3.20
5.500 2249.6 2.88+0.11 4.01 1.50 £ 0.06 3.27
5.550 2229.3 2.95+ 0,09 4,10 1.53+0.06 3.32
5.600 2209.4 3.01+0,12 4,19 1.56+0.06 3.39
5.650 2189.9 3.08+0.12 4.29 1.60+0.08 3.48
5.700 2170.7 3.14+0.15 4,37 1.64+0.07 3.55
5.750 2151.8 3.21+0.16 4,47 1.67+ 0,07 3.64
5.800 2133.2 3.27+0.14 4,55 1.70 £ 0.06 3.71
5.850 2115.0 3.34+0.11 4,65 1.74+0.05 3.78
5.900 2097.1 3.41+0.14 4,75 1.77+0.05 3.85
5,950 2079.5 3.48+0.14 4.84 1.81+0.07 3.93
6.000 2062.1 3.55+0.11 4.94 1.86 +0.06 4.03
6.050 2045.1 3.63+0.14 5.04 1.89+0.07 4.10
6.100 2028.4 3.69+0.15 5.13 1.93+£0.07 4.19
6.150 2011.9 3.75+0.18 5.22 1.97+0.08 4.28
6.200 1995.6 3.84x0,12 5.34 2.01+0.06 4.36
6.250 1979.7 3.90+0.11 5.43 2.05+0.08 4.46
6.300 1964.0 3.98+0.11 5.54 2.09+0.09 4.55
6.350 1948.4 4.06+0.18 5.65 2.15+ 0,08 4,66
6.400 1933.4 4,14+ 0,17 5.76 2.18+0.10 4,74
Kr 1921.6* 4,18 +0,17 5.82

Ly 1921. 6~ 3.64+0.18 5.07

6.450 1918.3 3.65+0.19 5.08 2.24+0.09 4.86
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TABLE II. (Continued)
A E Krypton Xenon
kxu eV ©/p(10% ecm?/g) o(10° b/atom) ©/p(103 cm?/g) o(10% b/atom)
6.500 1903.6 3.70+0.18 5.15 2.28 £0.09 4.95
6.550 1889.0 3.74+0.19 5.20 2,32+0,07 5.04
6.600 1874.7 3.78+0.19 5.26 2.,36+0.10 5.13
6,650 1860.6 3.83+0.17 5.33 2.40+0.10 5.21
6.700 1846.7 3.88+0.12 5.40 2,46+ 0,10 5.33
6.750 1833.1 3.94+0.16 5.48 2.50+0.08 5.44
6.800 1819.5 3.99+0.15 5.56 2.54+0.11 5.52
6.900 1793.1 4,12+ 0.20 5.73 2.65+0.10 5.75
6.950 1780.2 4,18+ 0.17 5.82 2.70+0.10 5.86
7.000 1767.5 4.26+0.18 5.92 2,74+0.11 5.94
7.050 1755.0 4.34+0.13 6.03 2,78+0.11 6.05
7.100 1742.6 4.41+0.13 6.13 2.83+0.12 6.16
7.150 1730.4 2.88+0.09 6.26
Kr 1729, 6* 4,48 +0.18 6.23
Ly 1729.6° 3.10+0.13 4.31
7.200 1718.4 3.11+£0.15 4,33 2.92+0.11 6.35
7.250 1706.6 3.17+0.12 4.41 2.97+0.09 6.44
7.300 1694.9 3.27+0.15 4.53 3.02+0.10 6.56
7.350 1683.4 3.28+0.10 4.56 3.08+0.09 6.68
Kr 1677.3* 3.32+0.15 4.62
L 1677, 3 0.80+0.03 1.11
7.400 1672.0 0.80+0.03 1.11 3.12+0.10 6.78
7.450 1660.8 0.81+0.04 1.13 3.17+0.12 6.89
7.500 1649.7 0.82+0.04 1.14 3.20+0.10 6.96
7.550 1638.8 0.84+0.04 1.16 3.26+0.13 7.08
7.600 1628.0 0.85+0.04 1.18 3.30+0.14 7.18
7.650 1617.4 0.87+0.03 1.21 3.36 +0.11 7.30
7.700 1606.9 0.88+0.03 1.23 3.41+0.13 7.40
7.750 1596.5 0.90+0.03 1.25 3.46+0.11 7.52
7.800 1586.3 0.91+0.04 1.27 3.50+0,14 7.62
7.850 1576.2 0.93+0.04 1.29 3.55+0.13 7.73
7.900 1566.2 0.94+0.05 1.31 3.61+0.10 7.84
7.950 1556.3 0.96+0.04 1.33 3.66+0.12 7.96
8.000 1546.6 0.97+0.04 1.35 3.71+0.15 8.07
8.100 1527.5 1.00+0.05 1.40 3.81+0.15 8.28
8.200 1508.9 1.04+0.06 1.44 3.91+£0.20 0.85
8.300 1490.7 1.06+0.05 1.48 4,00+0.16 0.87
8.400 1473.0 1.09+0.06 1.52 4,11+0.19 0.90
8.500 1455.7 1.13+0.05 1.57 4,21 +£0,17 0.92
8.600 1438.7 1.16+0.05 1.62 4.30+0.17 0.94
8.700 1422.2 1.20+0.05 1.67 4.41+0,21 0.96
8.800 1406.0 1.24+0.06 1.72 4.51+0,22 0.98
8.900 1390.2 1.27+0.06 1.77 4.60+£0.25 1.00
9.000 1374.8 1.31+0.05 1.82 4,70 £0.24 1.03
9.100 1359.7 1.32+0.05 1.84 4.80 +0.24 1.05
9.200 1344.9 1.38+0.06 1.93 4.91+0.25 1.07
9.300 1330.5 1.41+0.07 1.96 5.01+0.21 1.09
9.400 1316.3 1.46+ 0,08 2.04 5.11 +0.22 1.11
9.500 1302.4 1.51+0.07 2.10 5.20+0.25 1.13
9.600 1288.8 1.54+0.08 2.15 5.30+0.21 1.16
9.700 1275.5 1.58+0.06 2.20 5.42+0.22 1.18
9.800 1262.5 1.63+0.07 2.26 5.51+0.23 1.20
9.900 1249.7 1.67+0.08 2.32 5.61+0.23 1.22
10.000 1237.2 1.71+0.10 2.37 5.72+0.28 1.25
10.100 1225.0 1.756+0.10 2.43 5.82x0.24 1.27
10. 200 1213.0 1.80+0.09 2.50 5.92+0.24 1.29
10.300 1201.2 1.84+0.09 2.57 6.02+0.35 1.31
10.400 1189.7 1.89+0.11 2.62 6.12+0.25 1.33
10.500 1178.3 1.93+0.10 2.68 6.22+0.31 1.36
10.600 1167.2 1.98 £0.08 2.75 6.32+0.26 1.38
10.700 1156.3 2.02+0.10 2.81 6.43 +£0.32 1.40
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TABLE II. (Continued)
A E Krypton Xenon
kxu eV ©/p(10° ecm?/g) o(10° b/atom) w/p(10® cm?%/g) (108 b/atom)
10.800 1145.6 2.07+0.08 2.89 6.52+0.25 1.42
10.900 1135.1 2.13+0.08 2,96 6.62+ 0,28 1.44
11.000 1124.8 2.17+0.08 3.02 6.72+0,33 1.46
11.100 1114.7 2.22+0,09 3.09 6.80+0,28 1.48
11.200 1104.5 2.28+0,09 3.17 6.89+0.32 1.50
11.300 1094.9 2.32+0.09 3.23 6.98+0.34 1.52
11.400 1085.3 2.38+0,12 3.31 7.05+0,36 1.54
11.500 1075.9 2.44+0,12 3.39 7.14+ 0,37 1.56
11.600 1066.6 2.48+ 0,11 3.46 7.21+0.40 1.57
11.700 1057.5 2.54+0.13 3.54 7.29+0,35 1.59
11.800 1048.5 2.60+0.14 3.62 7.36+0.38 1.60
11.900 1039.7 2.66+ 0,14 3.70 7.44 +£0,37 1.62
12.000 1031.1 2.73+0.14 3.79 7.50+ 0,32 1.64
12.100 1022.6 2.78+ 0,12 3.87 7.57+0,36 1.65
12.200 1014.2 2.84+0,12 3.95 7.64+0,44 1.67
12.300 1005.9 2.89+0.14 4.02 7.71 £ 0,40 1.68
12.400 997.8 2.96+0.16 4.11 7.79+0.45 1.70
12.500 989.8 3.01+0.15 4.19 7.87+0,35 1.72
12.600 982.0 3.08+0.16 4,28 7.93+0.41 1.73
12.700 974.3 3.14+ 0,13 4.36 8.00 + 0.47 1.74
12.800 966.6 3.19+0.16 4.44 8.11+ 0,42 1.77
12,900 - 959.2 3.26+0,14 4.54 8.23+0.35 1.79
13.000 951.8 3.33+0.14 4.63 8.34+0.35 1.82
13.100 944.5 3.41+0.17 4,74 8.42+0.48 1.84
13.200 937.4 3.48+0.15 4.84 8.52x0.58 1.86
13.300 930.3 3.53+0,21 4.91 8.99+0.60 1.96
Xe 928.1* 9.00+0.54 1.96
My 928.1" 7.15+0.39 1.56
13.400 923.4 3.58+0.18 4.98 7.17+0,.43 1.56
13.500 916.5 3.65+0.21 5.08 7.31+0.38 1.59
13.600 909.8 3.72+ 0,25 5.18 7.47+0.39 1.63
13.700 903.2 3.80+0.23 5.27 7.62+0.40 1.66
13.800 896.6 3.87+0.19 5.38 7.79+0.48 1.70
13.900 890. 2 3.95+0,23 5.50 7.97+0.53 1.74
14.000 883.8 4.00+0,25 5,57 8.14+0.58 1.77
14.100 877.5 4,09+ 0.21 5.68 8.32+0.51 1.81
14.200 871.4 4,16+ 0.28 5.79 8.51+0.62 1.85
14.300 865.3 4.23+0.26 5.89 8.70+0.42 1.90
14.400 859.3 4.31+0.22 6.00 8.82+0.62 1.92
14.500 853.3 4.38+0,25 6.10 9.02 + 0,57 1.97
14.600 847.5 4.48+ 0,26 6.23 9.34+0.56 2.04
14.700 841.7 4,53+0.31 6.31 9.56 +0,.65 2.08
14.800 836.0 4.60+ 0,28 6.40 9.78 +0.60 2.13
14.900 830.4 4.71+£0.29 6.55 10.03 £ 0.59 2.19
15.000 824.9 4,78+ 0.28 6.66 10.34+0.59 2.25

confidence limit.

Columns 4 and 6 give photo-

electric atomic cross sections; they have been

calculated from the relations

o= (A/N) (1/p) =0 se. »

which can be written as

o(b/atom)=139.14 u/p (cm?/g) -0y .

using A = 83.

for krypton,

=218.03 p/p~0, 4. for xenon,
80 and 131. 30 and N=6. 0225x10%, 27

04, so. is the sum of incoherent- and coherent-scat-
tering cross sections. Itsvalues have been taken
from the calculations of Storm and Israel'® and
McMaster et al.'” Corrections due to scattering
are very low, of the order of a few per thousand,
except in the high-energy side of our measure-
ment range, where they can reach 2%.

Attenuation coefficients for krypton are plotted
in Fig. 1 (full energy range) and Fig. 2 (L edges
energy region). The four values determined by
Henke et al.?® at low energy and the two measure-
ments of McCrary et al. ?® at higher energy are in
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FIG. 1. Mass-attenuation coefficients in krypton.
The curve was obtained by a least-squares fit of the ex-
perimental results. Error (twice the standard deviation)
is indicated for a few points. The only previous measure-
ments below 3 keV are from Henke (Ref. 28).

excellent agreement with our results, within 2%.
Agreement with McGuire’s theoretical values™
calculated by means of Herman and Skillman’s
model (central-field potential) is also good, usually
within 10%.

The small maximum noted L;-N in Fig. 2 be-
tween L;; and Ly edges is due to double excitation
processes simultaneously involving 2p;,, and 4p
(and 4s) electrons, followed by a double ionization
continuum. These processes have been discussed
in detail elsewhere. %8

The expression logu/p varies linearly with logh
for each part of the absorption curve, which
allowed us to determine from least-squares adjust-
ment the following formulas:

X< (.45 R),  p/peemt/@ = 31.323%% (4),

A (7.40 A), w/p=5.43 X%

These formulas are to be compared with
Leroux’s* and Heinrich’s® formulas; from experi-
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FIG. 2. Mass-attenuation coefficients in the krypton
L absorption edge range. Peak labeled Ly;~N is due to
multiple excitation processes. Two values only had been
previously determined above 3 keV, by McCrary (Ref. 29).

FIG. 3. Comparison of various mass-attenuation co-
efficient semiempirical determinations with experimental
results in krypton. Good agreement is obtained in one
case and only for energies higher than L; edge energy
(Leroux, Ref. 4).

mental value compilations covering all Z range,
Leroux obtained

p/p= 32,26 X262 and 7. 55x250
and Heinrich obtained
u/p=31.25x*" and 5.60%6°

Jonsson® and Henke et al.® proposed also “uni-
versal” curves allowing attenuation-coefficient
determinations. Figure 3 shows variations of the
relative shift between semiempirical values and
our results. For the wavelengths lower than L,
edge wavelength, Leroux’s formula is the only
one giving satisfactory agreement with experiments
in all the energy range, within 10%. For higher
wavelengths no method shows good agreement;
this can be explained by lack of experimental re-
sults for krypton, when these methods were elabo-
rated.

Attenuation coefficients for xenon are plotted in
Fig. 4 (full energy range) and Fig. 5 (L edges re-
gion). Previously determined values by means of
characteristic x-ray lines are more numerous
than in the krypton case. At high energy, the re-
sults of White, *° Gableske and Mdring,?! and Mc-
Crary et al. 29 are in very good agreement with our
results. Below 2 keV the agreement with measure-
ments of Lukirskii et al.* is within 5%, but differ-
ences between our results and results of Henke
et al.®® usually reach 10%. McGuire’s theoretical
values agree well with our measurements, within
10% in all the energy range.

No absorption jump has been detected at the
calculated energy for M; and M; absorption edges.
Only a small inflection of the curve is discernible
at the M edge. But there is a significant increase
in the attenuation coefficient close to the My edge
(928.1 eV). The observed maximum at 1.6 eV
from the threshold is analogous to the delayed
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FIG. 4. Mass-attenuation coefficients in xenon. The
curve was obtained by a least-squares fit of the experi-
mental results. Error (twice the standard deviation) is
indicated for one energy. Previous measurements are
from Gableske and Mdring (Ref. 31), Lukirskii (Ref. 32),
and Henke (Ref. 28). No absorption jump was observed
at the M; and My absorption edge. A significant increas-
ing of the attenuation coefficient close to the My edge is
to be noted.

onset maxima in more outer subshell photoioniza-
tion cross sections theoretically provided for by
the Herman-Skillman central potential model”*%
and experimentally observed in rare gases® and
heavy atoms.® In xenon, Deslattes®® measured
such a behavior in the 3d-subshell photoionization
cross sections. As provided for by theory, the
relative increase is much smaller for the inner
3p subshell and is located closer to the ionization
threshold. Our cross-section values are in good
agreement with theoretical results. ¢ '

Logu/p varies linearly with logh at energies
higher than L; edge energy and has been determined
as

" o
u/p(cm?/g) = 94. 622 (&) (A< 2.27 A).
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FIG. 5. Mass-attenuation coefficients in the xenon L
absorption edge range. Previous experimental results
are from White (Ref. 30), Gableske and Mdring (Ref. 31),
and McCrary (Ref. 29).
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FIG. 6. Comparison of various mass-attenuation co-
efficient semiempirical determinations with experimental
results in xenon. As in the case of krypton good agree-
ment is obtained only for Leroux’s formula.

This result is to be compared with Leroux’s u/p
= 104, 72128628 5nd Heinrich’s p/p = 98. 3002,
Below Ly edge energy, there is no more linear
variation and differences with the hydrogenic
model are increasing with decreasing energy.
Figure 6 shows variations of the relative shift
between semiempirical values and our results.
Leroux’s method still gives the best results (within
10%) in the energy range where it can be used.
We also compared our results with those of Mc-
Master ef al.!” and data tables of Storm and
Israel, 18 hoth being the most extensive photoioniza-
tion cross-section tables in a very large energy
range. Table III shows this comparison in the
form of percent differences between experimental
and tabulated values; experimental values are
taken as the reference. The values of McMaster
et al. agree well with our measurements in the
full energy range for krypton, and up to 2 keV for
xenon. Differences with Storm and Israel’s values

TABLE III. Comparison between experimental values
and tabulated values. Differences [(1/p)iap, = ©/P)expt, )/
(" Plexst. are given in percent for compilations of Storm
and Israel (Ref. 16) and McMaster et al. (Ref. 17).

Krypton Xenon
E Storm— McMaster Storm— McMaster
(keV)  Israel et al. Israel et al.
1 +24.1 -2.1 +23.5 +44.8
1.5 +20.9 +8.9 +29.5 +13.4
2 +13.2 +1.7 +17.7 +8.5
3 +4.8 +2.3 +6.1 +6.5
4 -1.5 -1.5 +6.2 +12.9
5 -4.9 -3.0 +12.4 +6.3
6 -6.3 -3.1 +5.5 +4.0
8 -7.0 -3.5 +5.6 +4.6
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TABLE IV. Absorption jump ratios in krypton and xenon.
Krypton Xenon

Absorption This McMaster? Storm—P This Wata-¢ Nore-4 McMaster Storm-
edge work et al. Israel work nabe land et al. Israel
L, 1.15(4) 1.16 1.14 1.18(6) 1.12(10) 1.10(5) 1.16 1.15
Ly 1.45(7) 1.41 1.38 1.37(17) 1.32(10) 1.31(10) 1.40 1.39
Ly 4.17Q7) 4.15 4.77 2.84(15) 2.36(20) 2.95(20) 2,84 3.42
My 1.20(6)° 1.05 1.24

2Reference 17.
PReference 16.
°Reference 37.

are higher, in particular at low energy.

Table IV gives krypton and xenon L, and xenon
Myyp jump ratios, compared with other experimen-
tal or semiempirical determinations. Constant
values of 1.17 and 1. 39 have been estimated by
Heinrich® for Ly and Ly; jump ratios of elements
with Z > 30, and Nordfors’s®® measured correspond-
ing values of 1.15 and 1. 38 for 47<Z <52, as well
as 3. 06 to 2. 88 for L;; jump ratio. Among the
various xenon experimental values, our values are
the closest to Heinrich’s estimations and Nordfors’s
measurements; for krypton there is also good
agreement. Tabulated values agree both for L,
and L;; jump ratios, but only McMaster’s Table
gives a satisfactory L;;; value, inverygood agree-
ment with our experiment. Our M;; jump-ratio
value also agrees well with the theoretical value
calculated by Combet Farnoux.

Finally we determined the continuous oscillator
strengths of krypton and xenon L shells and the xenon
M shell.

Oscillator density for transitions to continuum
states can be written as*®

dReference 38.
°Theoretical calculations (Ref. 36) give 1.22, in ex-
cellent agreement with this measurement.

the contribution of n-shell electrons to the photo-
electric mass absorption coefficient, and A, is the
n absorption edge wavelength. By graphically in-
tegrating this formula, we got f;.=6.8+0.3 for
krypton and 4. 8 £0. 2 for xenon. For adjacent ele-
ments (Z =417 to 52), Nordfors®® measured an aver-
aged value of 4. 7 in good agreement with the value
we determined. Finally by using Deslattes’s re-
sults®® in the M y-edge energy region, we obtained
fue=20.9+1. 2.

VI. CONCLUSIONS

To conclude we have determined by continuous
energy analysis the mass-attenuation coefficients
of krypton and xenon between 0.8 and 8 keV. Re-
sults have been compared with various semiem-
pirical or theoretical determinations. Among
these, Leroux’s formula, the tabulated data of
McMaster et al., and McGuire’s calculations have
been shown to be in good agreement with our re-
sults, most of the time within 10%. Nonhydrogenic
behavior of the 3p xenon photoionization cross sec-
tion has been revealed. Krypton and xenon L and
xenon Myy; absorption jump ratios have been de-

d c
% = W—lez o(E) . termined. Finally, continuous oscillator strengths

Introducing wavelength in this formula and inte-
grating, we obtain

of krypton and xenon L shells and the xenon M shell
shell have been graphically evaluated.
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