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K-shell photoabsorption coefficients of 02, CO&, CO, and N&O
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The total photoabsorption coefficient has been measured from 500 to 600 eV around the K edge of oxygen

in gases O„CO2, CO, and N, O by means of a gold continuum source and crystal spectrometer with better

than 1-eV resolution. The cross sections are dominated by discrete molecular-orbital transitions below the K-
edge energy. A few Rydberg transitions were barely detectable. Broad shape resonances appear at or above

the K edge. Additional broad, weak features above the K.edge possibly arise from shake up. The authors

give quantitative results that have about 10% accuracy (3cr), except on the very strong peaks. All the

measured features are discussed in relation to other related measurements and theory.

I. INTRODUCTION

Absorption structure around the E- and L-shell
ionization thresholds in low Z elements has evoked
considerable interest in recent years because of
the observation of remarkably strong features both
below and above the photoionization threshold en-
ergy. The structure has been revealed by a com-
bination of x-ray and ultraviolet photoelectron
spectroscopy, electron scattering, photoabsorption
with synchrotron or bremsstrahlung continuum
sources, and photoemission. Understanding of
this structure is important not only for knowledge
of the atomic physics in molecular and solid state
environments but also for practical applications
in spectroscopy where the structure critically af-
fects measurements. '

No previous quantitative measurements have been
made for the absorption structure around the oxy-
gen K-edge of CO or N,O. There have been quan-
titative measurements for 0, and CG, which we
have tried to extend and improve in results re-
ported here. Tabulated semiempirical absorption
coefficients' are available, but should not be used
near absorption edges of light elements because
of the dramatic fluctuations that have now been
observed and were not included in the tabulations.
Qualitative results on the structure are available
in the literature for carbon, nitrogen, and oxygen
edges in several gases and compounds. " We
present here quantitative results on oxygen 1s ab-
sorption in 0,, CO„CO, and N,O gases. For
reasons discussed in Sec. II our accuracy is not
very good on strong linelike features but is good
on the continuum at greater energies.

Nefedov" and Zimkina and Vinogradov' paved
the way to interpretation of the observed xeson-
ancelike structures. Nefedov" introduced the con-
cept of pseudopotential barriers to explain the
presence of peaks at energies above the photo-

ionization threshold. He also mentions the need
for mixing of atomic orbitals into molecular or-
bitals to explain peaks below the ionization thresh-
old. Zimkina and Vinogradov" brought out the im-
portance of the role of neighboring atoms com-
bined with symmetry of the molecule. Dehmer"
put these ideas together in a picture of a "two-
well potentia. l." The potential hump between the
two wells arises from electrons occupying orbitals
relatively far out from the atom in question. This
picture permits the existence of negative energy
discrete states in either the inner or outer well
and positive energy quasidiscrete states in the in-
ner well. Thus one can get narrow lines below
the continuum onset and broad lines above it. He

then set oui a qualitative application of how this
picture can explain numerous absorption spectra
not only of molecules but also of solids. Sub-
sequently Dehmer and Dill" showed quantitatively
that these ideas have application beyond the highly
symmetric cases for which they were introduced
and that centrifugal barriers rather than Coulomb
barriers may be determining the distribution of
oscillator strength in many cases. There may be
cases where exchange forces also contribute to
such barrier effects. The very strong line seen
below the K-shell ionization limit in N, and simi-
lar molecular spectra is a consequence of a cen-
trifugal barrier which concentrates the d-wave
component of a w-type ionization channel. Simil-
arly a continuum resonance was shown to arise
from the scattering of the outgoing p wave by the
anisotropic molecular potential into a range of
l states, one or more of which may penetrate the
centrifugal barrier and achieve overlap with the,

core orbitals. The calculations show considerable
low-amplitude oscillation of the partial photo-
ionization cross sections. These are the molecu-
lar counterpart of extended x-ray absorption fine
structure (EXAFS).
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II. EXPERIMENTAL METHOD

Bremsstrahlung radiation from solid targets in
x-ray sources of our own design was used as a
reference spectrum. The x-ray beam was passed.
through a Soller collimator of three arc minutes
measured full width at half-maximum (FWHM)
angular response, dispersed by rubidium acid
phthalate (RAP) or potassium acid phthalate (KAP)
crystals, and detected by a flow proportional
counter. Vertical beam divergence was limited to
a few degrees by the spectrometer geometry. The
spectrometer was aligned by well known tech-
niques. "

Gases used were 99.570 pure or better, except
for N,O which was 98%. The 2% impurity in N,O
was primarily air, so the only significant contam-
ination would have been 0.25% 0,. The dominant
02 peak in the mass absorption coefficient p, /p
to be described in See. IO, did not show up in the
N,O data. Thus we conclude that all gases had
adequate purity to assure less than one percent
error in g/p.

Polypropylene windows were used on the de'tec-
tor, the gas cell, and the isolation window between
the x-ray source and spectrometer chamber. An
aluminum heat reflector about 2000 A thick was
evaporated onto the isolation window, which was
located between the source and spectrometer
vacuum chambers. The thin Al,O, layer that nat-
urally forms on a pure aluminum surface would
have been stable during the measurements and
would not have caused any false structure in the
gas data. A gas cell 3.175 cm long was operated
at about 15 torr for the quantitative results pre-
sented here. Because of the "thickness effect, ""
we also made measurements at about the same
pressure in a cell 0.3175 cm thick. Pressure in
the cell was stabilized to about 0.1% and measured
with a calibrated gauge to 0.13% accuracy. Tem-
perature was recorded for each data run and never
changed in excess of 3 K. Outward bowing of the
polypropylene windows on the gas cell could have
caused our determination of the column density
px to be too small by at most 1% in the long cell
and 10% in the short cell. The combined long cell
uncertainty in px was 1% at the 2v level (p is gas
density and x is path length), but it is a direction-
al uncertainty in the sense that our p/p values
could be 1' smaller than we tabulate because the
gas cell length is the dominant factor.

When a continuum source is used for absorption
measurements it is especially important to take
precautions to eliminate radiation outside the
energy of interest. This means one has to suppress
higher-order reflections that could reach the de-
tector. We operated the detector with 300 torr

of methane to provide good efficiency at 550 eV
and low efficiency at higher energies. A nichrome
layer -50 A thick inside the window suppressed
the low-energy tail of pulses from photoelectrons
and permitted a pulse-height distribution with 55%
FWHM resolution. As the spectrum was scanned
from 500 to 600 eV, a pulse-height position con-
troller was used to constantly keep the pulse-
height distribution centered in the pulse-height
selection window. Measurements without this con-
trol showed substantial differences. The differ-
ences were minimized by varying the anode volt-
age. Optimum results were obtained at 3 kV where
all our measurements were then made. As the
voltage was increased, the errors grew rapidly.

Fluorescence and scattered radiation from the
gas cell were eliminated from direct access to
the detector by an 8' FWHM honeycomb collima-
tor just outside the detector window. Fluorescence
in the gas itself would reenter the beam in the fil-
tered scans, but the low fluorescence efficiency
(10 ') and small solid angle assure negligible er-
ror from this cause. Flourescence and scattering
from the crystal holder were not negligible. These
were measured explicitly for each run by means
of a separate measurement with the detector 5'
off the position for Bragg reflection. In regions of
high absorption this correction amounted to one-
third of the filtered beam signal for oxygen (the
worst case). The relative magnitude of this cor-
rection is independent of beam intensity but does
depend on source voltage. The 3-kV operating
voltage was selected in part to reduce errors from
this cause.

Initially a tantalum anode x-ray source was
operated at 3 kV and 140 mA with just enough air
cooling to keep the anode at a red glow. This
provided a reasonably intense continuum source
of x-rays whose low-energy tail was monotonic
declining. over the range of oxygen X absorption,
about 500 to 600 eV. In spite of operation with ion
pumping in the 10 '-torr range and a hot anode,
the spectrum still contained minor amounts of
carbon and oxygen line radiation. Some of this
line emission came from the mylar blades of the
3-arc min FWHM entrance Soller collimator and
simply contributed to the reference beam. Line
emissions from the source and collimator in any
case did not significantly influence the results.

Subsequently the measurements were repeated
with a gold anode, evaporated in the x-ray source
housing at a vacuum of 1x10 ' torr and operated
at 2&& 10 ' torr. A slow buildup of oxygen on the
anode over days of operation was monitored but
did not cause a significant error. All data report-
ed here are from the gold anode operated at 3 kV
and 500 mA. Measurements with the tantalum anode
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FIG. 1. Measured integrated coefficient of reflection
is plotted as a function of crystal angle when the

crystal is used in a Bragg spectrometer arrangement
with reflection from the (001) planes. The dashed line
near 65 is the true Fi', ~ because the x-ray source had
a small 0 KG.' contamination line that was not removed
in the normalization procedure. The large variations
are caused by the influence of the oxygen ls absorption
structure inside the crystal on the crystal structure
factor. Interestingly this structure has the same kinds
of variation that we found in the gases reported in this
paper.

agree with the gold anode data but had poorer
statistics.

Since the source spectrum is a continuum that is
monotonic and slowly decreasing with decreasing
energy, any structure seen in the reference spec-
trum without any absorber has to come from either
windows in the beam or the crystal reflection coef-
ficient. The polypropylene windows assured that
only crystal problems would be involved. Unfor-
tunately, the available crystals all contain oxy-
gen, which causes the ref lectivity to undergo large
variations as a function of energy in the exact
region of measurement. This phenomenon has
been studied in detail and will be published separ-
ately. For present purposes we show in Fig. 1 the
reflection coefficient 8, of the RAP crystal used
for the absorption measurements. The reflection
coefficient is plotted as a function of crystal angle
to the incident beam. The photon energy varies
from 640 eV at 48' to 486 eV at 78'. The large
variations with photon energy almost exactly fol-
low the absorption structure of oxygen inside the
crystal. " These are not the structures we want
to measure. The large variations are highly un-
desirable but unavoidable. In order to obtain re-
liable absorption coefficient data it is necessary
to maintain the entire system in a very stable con-
dition. In spite of the variable ref lectivity RAP
is the best available crystal for the task. Other

acid phthalates and clinochlore have worse varia-
tions or worse resolution or both. RAP suppress-
es all higher-order reflections by at least a fac-
tor of 20 over the range of measurement and has
resolving power equivalent to KAP." It should be
noted that although coated gratings should have
much less of this problem, the effect may not be
ignored. This was recognized from the outset
of such measurements. 2'

The spectrometer has been previously de-
scribed. " It has now been automated by means of
stepper motors, a Canberra 1740 Bragg beam
scan control modified for operation of two motors
independently or together, and a Canberra 8100
multichannel analyzer modified for interaction with
a TI700 computer terminal. This approach per-
mits all data to be processed by the computer,
read in and out of the analyzer, and eventually
stored on small magnetic tape cassettes.

Wavelengths (energies) have been determined
from the measured Bragg angles, corrected for
zero error and dispersion in the crystal. Shifts
and broadening of linelike features due to instru-
ment misalignment and beam divergence are less
than 4x10 ' A (0.1 eV). The absorption coefficient
measurements were all made with an RAP crystal
analyzer whose resolution width varies over the
range of interest from about 0.03 to 0.02 A (0.75
to 0.5 eV). Absorption spectra have not been cor-
rected for effects of the instrument window func-
tion because it is not accurately known in this re-
gion. Energies in eV were obtained from the re-
lation E =bc/A. =bc/2d sine = 475.367/sin0 with an
uncertainly of ~0.3 eV due primarily to the uncer-
tainty in correction for dispersion in the crystal.
Some fine details'at small amplitude have undoubt-

edly been lost in the poor statistics and poor re-
solution of the measurements.

Scans were made with filters in and out of the
beam to get absorption coefficients from the ratio
[In(I,/I)/px] = p, /p, where p/p is the desired mass
absorption coefficient and px is the measured sur-
face density of the gas.

This is far from an optimum approach to absorption
coefficient measurements because of the strong ener-
gy-dependent variation in properties of the analy-
zer crystal. Absorption coeff icient measurements
with similar structure near threshold were made
three years ago on Parlodion using a KAP crystal.
These data agreed with the ones measured this
year using an RAP crystal, thus confirming at
least the reproducibility with this technique. Al-
though the approach is not optimum, it has pro-
vided the first quantitative data on absorption.
structure around the oxygen K edge in molecular
gases CO and N,O, and additional improved re-
sults on O~ and CO2.
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Measurements were made of the reference spec-
trum before and after the filtered spectrum and
the average reference spectrum was used for the
determination of transmission. No feature in the
two reference spectra ever differed by more than
2%%uq', the contamination 0 Ko line usually increased
by 1% to 2% over the measurement period and this
showed up in the measurements at low pressure as
a small erroneous dip in p/p at the 0Ko, position.
Counting rates in the unfiltered reference beam
ranged from 500 to 2500 cps. The contamination
background, which was measured as previously
described and subtracted from both the reference
and filtered beams independently, was 22 to 37 cps.
The range 500 to 600 eV (52' to 70) was covered
with 450 data channels with usually 10-sec dwell
per channel on the reference beam and 20-sec
dwell per channel on the filtered beam. Shorter
scans a,t higher resolution were made to bring out
weak bumps, some of which are not evident in the
data graphs shown in the Sec. III.

III. RESULTS

A. Data

Measured mass absorption coefficients are pre-
sented in Figs. 2-6 and Tables I-V. Each figure
has an angle abscissa running linearly from 52 to
70', which is 603.25 to 505.87 eV from the formula
already given. The peaks identified in each graph
are listed with their energies and other param-
eters in Table I. Binding energies are electron
spectroscopy for chemical analysis (ESCA) va-
lues. ""The curves in each figure are hand
drawn through the point scatter on each data plot.
The point scatter was on the average +3%%uo (1cr),
except for the 0, data below 520 eV where the,
scatter was +7%%up (1o).

Before discussing the spectrum of each gas, we
need to comment on some general characteristics
of the data. Foremost is the "thickness effect,""
whose large influence can be seen by comparing
Figs. 2 and 3 for O~. Data in Fig. 2 (shorter cell)
were obtained at one-tenth the column density of
Fig. 3. As the sample thickness or density is in-
creased, the strong absorption peaks adjacent to
the low absorption region (above 64') are reduced
in amplitude. This is not simply the smearing
effect of a low resolution-instrument, which is not
dependent on the sample thickness. Rather this
effect arises from the large difference in trans-
mitted intensity across the photoabsorption transi-
tion region. When the instrument is located at the
position of peak 1, the tail of the instr'ument win-
dow function extending far out into the high trans-
mission region at higher angles (lower energies)
collects counts which cause the apparent trans-
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FIG. 2. Measured molecular oxygen mass absorp-
tion coefficient using the short cell to reduce the thick-
ness effect (Ref. 18). The statistical precision was poor
in this case. Consequently the hand-drawn average curve
contains an exaggerated peak around 55.5' that was
barely detectable and closer to 56 in the more precise
data with the larger cell (Fig. 3). However, the shapes
and amplitudes of the three large peaks are better
revealed in these low px data. The ESCA binding ener-
gies are marked by arrows. Vertical lines mark the
peak positions determined from subsequent scans with
better statistics. The energy scale, marked in 6-eV in-
tervals at the top, is nonlinear.
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FIG. 3. Measured molecular oxygen mass absorption
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(Ref. 18), but the values above 65' and below 60 are
reliably determined. Some very weak bumps do not ap-
pear in this plot, which was hand sketched through the
point scatter from a single data run. The ESCA binding
energies are marked by arrows. Vertical lines mark
the peaks discussed in the text. Calculations by Gerwer
and McKoy (Ref. 27) are shown by the dashed line. The
energy scale, marked in 6-eV intervals at the top, is
nonlinear.

mission to exceed the correct value. Far outside
the 60 to 65'range in which the absorption is
changing by large factors the measured absorption
coefficients will be much less affected. Because
of this phenomenon, the optimum absorber thick-
ness px is much less than one would compute on the
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TABLE II. Mass absorption coefficients ~ for oxygen
in the range 500-600 eV.

(eV)
v/p

(cm'/g) (eV)
p/p

(cm'/g)
E

(eV)
p,/p

(cm'/g)

506
510
513
516
519
522
525
546
547
548
549
550
551
552
553
554

1 690
1 680
1 670
1 650
1 630
1 620
1 605

24 100
23 200
23 000
23 100
22 900
22 600
22 300
22 000
21 600

555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

21 300
21 150
21 050
20 950
21 000
21 150
21 100
21 000
20 900
20 700
20 600
20 500
20 350
20 300
20 250
20 200

571
572
573
574
575
576
577
578
579
582
585
588
591
594
597
600

20100
20 050
19950
19850
19700
19550
19450
19300
19200
18800
18600
18350
18100
17 900
17 600
17300

~Values of mass absorption coefficient p/p are listed
for molecul. ar oxygen. To convert to molecular oxygen
cross sections in Mb multiply by 5.3138 x 10, Profiles
of the strong peaks are not tabulated because they are
made much too small in the data by the thickness effect.
Sed Table I for extrapolated peak values.

basis of counting statistics and background. In

fact, the optimum thickness would be zero. Ob-
viously as the gas thickness or density is reduced
the difference in transmission between the filtered
and unfiltered beams becomes smaller and the ac-
curacy of the p, /p determination rapidly deterior-
ates. Therefore, only the strong absorption peaks
in Fig. 2 have reasonable statistical reliability

and- the entire spectrum could be too,high by about
10% due to the cell length uncertainty. We includ-
ed these data to illustrate the thickness effect and
our correction procedure for removing it and es-
timating the true peak heights.

Figures 3-6 show results for scans using the
large cell. All these plots will have the strong
absorption peaks suppressed from their true val-
ues but the regions above and below the strong
peaks are reliably determined. In these low- and
high-energy ranges the statistical precision is
everywhere within+3% (1o}, except for 0, in the
low-energy region where it is +'f% (1v}.

In order to get correct absorption coefficients
on the strong peaks, we made measurements at
high and low values of px and then used a two-
point linear fit to g/p vs px and extrapolated this
line to zero for allbut the strongest peak. More
values of px were used on the strongest peak and a
nonlinear curve was fitted and extrapolated to zero
px. This procedure was applied only to the peak val-
ues, not to the entire absorption profiles. The mea-
sured and extrapolated values of g/p, peak to valley
ratios, and peak widths are given in Table I with
the peak energies. The extrapolated peak values
could be biased as much as 10% too high. Our in-
tention in this table is simply to illustrate the ap-
proximate magnitude of the peaks relative to the
photoionization continuum. The large and small
peaks will be discussed below. Some very small
peaks in Table I are not evident in the figures.
At the present state of comparison between theory
and experiment we do not attach much significance
to any peaks unless they are obvious in Figs. 3-6.

TABLE III. Mass absorption coefficients for carbon dioxide in the range 500-600 eV.

(eV)
p/p

(cm'/g) (eV)
p,/p

(cm2/g) (eV)
v/p

(cm'/g)
E

(eV)
p/p

(cm2/g)

506
, 510

513
516
519
522
525
528
531
532
538
539
539.5
540
541
542

4 780
4 680
4 620
4 550
4 480
4 420
4 370
4 400
4 500
4 750
9 800

14 500
15900
16350
17 950
18 300

543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

18150
17 600
17300
17 150
17 200
17 250
17 150
17 150
17 500
19050
20 600
21 550
21 300
22 000
22 950

558
559
560
561
562
563
564
565
566
567
568
569
570
571
572

23 600
23 650
23 400
22 800
22 100
21 300
20 500

-19 800
19150
18 750
18400
18 100
17 900
17 700
17 600

573
574
575
576
577
578
579
582
585
588
591
594
597
600
603

17 500
17 450
17 450
17 400
17 350
17 250
17 100
16 700
16 200
15 900
15600
15400
15 200
15100
15000

~Values of mass absorption coefficient p/p are listed for molecular carbon dioxide. To
convert to molecular cross sections in Mb multiply by 7.3084 x 10
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TABLE IV. Mass absorption coefficients ~ for carbon monoxide in the rarige 500-600 eV.

(eV)

506
510
513
516
519
522
525
528
531
532
537
538
539
540
541

v/p
(cm'/g)

6 930
6 810
6 720
6 635
6 550
6 460
6375
6 650
7 250
7 700
8 450
7 800
8 600
9 650

11300

(eV)

542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

v/p
(cm'/g)

12 750
13 750
14 650
15 800
17 200
18450
20 000
22 050
23 800
23 800
22 550
21 150
20 500
20 000
19400

(eV)

557
558
559
560
561
562
563
564
565
566
567
568
569
570
571

v/p
(cm /g)

19000
18 650
18350
18100
17 950
17 850
17 750
17 650
17 550
17 500
17400
17300
17 170
17 020
16 860

(eV)

572
573
576
579
582
585
588
591
594
597
600
603

P/P
(cm~/g)

16 650
16400
16000
15 600
15350
15100
14 800
14 450
14 150
13 980
13 730
13 540

~Values of mass absorption coefficient p/p are listed for molecular carbon monoxide. To
convert to molecular cross sections in Mb multiply by 4.651 x 10 5.

TABLE V. Mass absorption coefficients~ for nitrous
oxide in the range 500-600 eV.

(eV)

506
510
513
516
519
522
525

- 528
531
541
542
543
544
545

v/p
{cm'/g)

12 650
12 450
12 330
12 050
11 950
11 900
11 820
11 750
11 800
20 050
19600
18 500
18 020
17 900

(eV)

546
547
548
549
550
551
552
553
555
558
561
564
567
570
573

0/p
(cm2/g)

17 850
17 950
18050
18200
18300
18700
19120
19250
19200
20 050
18400
17 820
17 200
16 800
16 600

(eV)

576
579
582
585
588
591
594
597
600
603

v/p
(cm'/g)

16400
16050
15700
15450
15200
14 900
14 700
14 500
14300
14 100

~Values of mass absorption coefficient p/p are listed
for molecular nitrous oxide. To convert to molecular
cross sections in Mb multiply by 7.3092 x 10

For the high- and low-energy ranges where no
strong peaks occur we have listed numerical values
of the absorption coefficients in Table II. This tab-
ulation will allow reconstruction of p, /p vs energy
to the accuracy of the original data, except that
some small peaks may still be missed due to their
weakness and the coarseness of the grid. While
these peaks are useful to qualitative understanding
of the absorption spectra they are not essential
to the quantitative tabulati. on and it would be pre-

mature to examine them in more quantitative de-
tail.

B. Comparison to other data

There are three comparison sets of measured
data. LaVilla' has used a technique basically the
same as that employed by us to study 0, and CO,.
Bodeur, Senemaud, and Bonnelle~ measured g jp
for 0, with a curved crystal spectrometer. Henke
and Elgin 4 made measurements at discrete wave-
lengths on 0, and then made a compilation of avail-
able data on all the light elements.

We will compare first to LaVilla who presented
his results in the form. of a graph of the cross sec-
tions versus energy. We have shifted his energy
scale about 1 eV to make the strongest absorption
peak coincide with our spectra. Then we sealed
the cross sections from his graph at selected
points. Because of the thickness effect and non-
identical experimental conditions, we do not ex-
pect agreement between the two data sets on the
strong peaks. Also, the energy region below the
K edge is extremely difficult to determine reliably
at the low pressure used by LaVilla. However, in
the high-energy range of overlap the two sets of
measurements may be compared. Af ter converting
LaVilla's cross sections from atomic .to molecular,
we find our values about 1.5 times as large as
LaVilla's. This is reasonable agreement in view
of the difficult conditions under which. LaVilla's
measurements were made.

Fortunately we were able to benefit from his
experience when our measurements were made the
second time around. Comparison to Bodeur et gl. ~
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was also made by scaling their curves for O~.
Our peaks 1, 4, and 5 agree very well qualitatively
with their peaks 1, 2, and 3. Above 545 eVwe
find features that probably correspond to their
dashed curve qualitatively. For quantitative com-
parison we have scaled their solid curve and find
our data 1.25 times larger from 550 to 570 eV.
Based on their brief description of their experi-
ment we believe this agreement is reasonable.

Thirdly we may compare to Henke and Elgin. '
Here the agreement is very good and it becomes
necessary to discuss what order of agreement can
be expected. It has been the custom in x-ray phy-
sics to treat absorption coefficients as atomic
properties independent of the compound or physical
state. Indeed this was the reason for introducing
the mass absorption coefficient instead of the
cross section. For absorption by low-Z elements
at low energies the presence of atomic neighbors
has a pronounced effect on the absorption cross
sections near the photoionization threshold, as is
evident from our data and numerous earlier exam-
ples. " The presence of strong bound-state ex-
citations and strong resonances in the continuum,
both of which depend in detail on atom interactions
at the molecular level, preclude the possibility of
deducing atomic cross sections that apply to all
states of atomic aggregation. However, oscillator
strength must be conserved. If one integrates the
oscillator strength in these features, the deviations
from atomic properties do not appear so great. A

strong Rydberg series of bound-state absorption
would occur in atomic oxygen anyway. Also the in-
tegrated continuum resonances above the binding en-
ergies are only a small fraction of the total photoioni-
zation cross section integrated over all energies.
Thus the effect of molecular interactions, in par-
ticular potential barriers, is to redistribute oscil-
lator strength. Only a small fraction of the total
available oscillator strength is required to explain
the localized resonances. Therefore, we may ex-

pect that at high and low energies, relative to the
region of large variations near threshold, the
cross sections derived from molecular or solid-
state measurements will approach the purely atom-
ic cross sections. For example, simple power-
law integration of data such as in Figs. 3-6 shows
the oscillator strength in the peaklike features
above the K-edge is only about 1% of the total con-
tinuum oscillator strength. Since these features
in our data on all four gases have disappeared or
become very small by 600 eV, we should expect
our measured data to approach the tabulations of
Henke and Elgin within a few percent. The same
should be true at low energies, less than 530 eV,
except that oxygen does not contribute much absorp-
tion on the low-energy side and statistical uncer-
tainties could be comparable to the signal to be
derived.

Table VI shows confirmation of the above expec-
tation. At 600 eV the largest difference is I/~.
CO, and N,O arewithin 3/~ at both high and low
energies. 0, is higher in our data by about 10%%up

at low energies where our precision is lowest.
Overall the agreement is everywhere well within
the combined accuracy expected for the two sets
of data.

Further confirmation is available by comparison
of atomic cross sections derived from molecular
measurements. Henke and Elgin'~ list measure-
ments of absorption coefficients at discrete line
energies for O,. Their measurements have a pre-
cision of about 0.1%. At energies below and well
above the ionization edge the oxygen atomic cross
section should be one-half the molecular cross
section. By the same reasoning if one goes far
from the K edge of oxygen in CO, the atomic oxygen
cross section should be given by a [0]=-,'{a[CO,]
-o [C]]., where 0[CO3] has been measured in this
work and o[C] should be accurately given by the
tables in Henke and Elgin because the energies are
far above the carbon K edge. Table VII shows that

TABLE VI. Comparison of measured mass absorption coefficients.

(eV)
Henke 5

Elgin LASL Rat io
Henke 5

E lgln

CO2

LASL Ratio
Henke 5

E lgin

CO

LAS L Ratio
Henke 5,
. Elgin LASL Ratio

600 =

525b
506

17 360
1 440
1 568

17 300 0.997 15000
1 605 1.115 4 374
1 6S2 1.079 4 7S1

15100 1.007
4 370 0.999
4 780 0.998

13 650
6 050
6 633

13730 1.006
6 375 -1.054
6 930 1.045

14150-
11 460
12 564

14 300 1.011
11 820 1.031
12 650 1.007

~The Henke and Elgin values for Oq were measured at discrete wavelengths. We fit a curve to their measurements to
get values at 600 and 506 eV; one of their discrete energies was (%0' at 525 eV. For the other gases the p/p values are
obtained from their semiempirical tables.

"Los Alamos ScientI'Lfic Laboratory .(LASL) values at 525 eV were subject to small variations in a weak OKo. contami-
nation line from the gold anode. The trend of data in this table indicates that errors from this cause were not significant.
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TABLE VII. Atomic cross sections derived from molecular data around the i.onization threshoM.

(eV)

LASL
cr[CO,]
(~)

Ea
cr[C]
(Mb)

Derived b

~(o] = ', (~-(co,] —~(c])'
(Mb)'

LASL
cr[O]

(Mb)

Hd

cr[O]

(Mb)

Derived cr[0]
IIcr [0]

LASL 0[0]
, acr[O]

506
510
513
516
519
522
525

0.349
0.342
0.338
0.332
0.327
0.323
0.319

0.267
0.262
0.25$
0.254
0.250
0.247
0.243

0.0410
0.0402
0.0402
0,0390
0.'0384
0.0382
0.0380

0.0449
0.0446
0.0444
0.0438
0.0433
0.0430
0.0426

0.0417
0.0409
0.0404
0.0398
0.0393
0.0388
0.0383

0.98
0.98
1.00
0.98
1.00
0.98
0.99

1.08
1.09
1.10
1.10
1.10
1.11
1.11

531
535,3
540
560
580

0.329
4.7 50
1.195
1.710
1.240

0.236
0.232
0.226
0.206
0.189

0.0464
2.26
0.484
0.752
0,526

2.126
0.100
1.063
0.561
0,507

0.636
0.622
0.608
0,553
0.504

0.07
3.63
0.80
1.36
1.04

3.34
0.16
1.75
1.01
1.01

600 1.104 0.174 0.465 0.460 0.461 1.01 1.00

~ Reference 24.
"Carbon cross section assumed to be the atomic value because the energy & is far above the carbon & photoabsorption

threshold.
'Measured molecular cross secti. on (Table II) divided by 2.

Cross section for molecular oxygen from Ref. 24 and divided by 2. Henke's measured data were used and a curve
was fit to his points to get values at energies in this table.

below the K edge our derived values of 0[O] from
CO, data are virtually identical to the Henke and
Elgin results while our measured &i[0] from 0,
are consistently higher by about 10%%u&. This is
within the combined accuracy of our measurements
and the curves fit to the discrete data of Henke
and Elgin in the low™energy region. It is by
chance that the cross sections derived from CO,
are within 2%%uo of the tabulated data. Above the
E edge, where our accuracy is better, the agree-
ment is within 1% between our measured and de-
rived values, and between this work and Henke
and Elgin. '~ The same analysis applied to our CO
data at 600 eV gave an atomic oxygen cross sec-
tion in agreement with the tabulations within 1%%uo;

and o[O] from N, O agreed within 2%. On the low-
energy side the o[O] contribution is so small in
these two gases that nothing can be decided. We con-
clude thatbelowthebinding energy and at some 5 Ry
or more above it the tabulations of atomic mass
absorption coefficients should be reliable to a few
percent for general application to atoms in any
state of aggregation.

C. Comparison to theoretical data

Most calculations have been done for the con-
tinuous absorption outside the narrow region of
structure. McGuirea' has calculated the atomic
photoionization cross sections for the elements.
A curve fit to McGuire's calculations for oxygen

shows the calculated values 15/0 below our mea-
sured values at 600 eV. The difference increases
toward lower energies because of the molecular
effects in the measured data near threshold.
Veigele's~ calculated value at 600 eV falls 8%
below our measured value. This agreement is
compatible with expectation. More detailed cal-
culations have been done for oxygen by Gerwer and
McKoy. " Above 545 eV our measured data never
exceed their oxygen values by more than 20%%uo, as
shown in Fig. 3. The two curves approach coin-
cidence at 547 eV.

Padial et al."have carried out molecular or-
bital calculations on CO which may be compared
with our absorption measurements above the
oxygen K edge. Since resonance behavior was in-
cluded in this work of Padial et al. , we shall defer
the discussion to Sec. IV. These calculations were
similar to those of Rescigno and Langhoff" which
gave the best agreement with measurements on
nitrogen. ~2

IV. DISCUSSION

All these gases show three common features:
(i) resonance absorption to bound-state, unfilled
molecular orbitals below the binding energy; (ii)
resonances m the continuum at or above the bind-
ing energy that are explainable in terms of po-
tential barrier effects; (iii) weak, broad features
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in the continuum that may arise from shake-up of
valence electrons and possibly in some cases from
the one-electron spectrum peculiar to the mole-
cular environment. In addition one can just dis-
cern some weak Rydberg transitions in all but
N,O. It seems probable that their absence in N,O
is caused by the low resolution and sensitivity of
our measurements.

The main contributions of the present work have
been the reasonably accurate quantitative results
and sufficient sensitivity to permit the observation
of some weak features not previously reported.
We discuss below the qualitative aspects and some
revised interpretations of the spectra made pos-
sible by these quantitative da, ta.

A. Oxygen

Peaks that we have labeled 1-5 in Table I were
observed by Nakamura et a&. ' and labeled A. -E.
(Peaks 2, 3, and 8 are not evident in Figs. 2 and
3. They were found on separate scans. ) They
identified the strongest peak 1 as a transition from
the ground state of O, to the first permitted un-
filled molecular orbital, (2pv, )'ll, and the remain-
ing peaks as transitions to Rydberg states. Wight
and Brion' observed the electron scattering equi-
valent of peaks 1, 4, and 5. They agreed with
Nakamura «a~. ' on the assignment of peaks.
LaVilla's' data show peak 1, plus peaks 4 and 5
merged into 5 single broad peak. Table VIII sum-
marized the available data. From the location of
peaks 4 and 5 below the binding energy (543.1 and
544.2), we agree that a Hydberg excitation is
likely, but the large magnitude of the absorption
and large breadth (see Fig. 2 and Table I) suggest
there is a large admixture of oscillator strength
caused by a potential barrier. " The magnitudes
and locations of these peaks near threshold are
readily understood as inner well discrete states in
Dehmer's" description of potential barrier effects.
A shape resonance is responsible for the strength
of the features below the ionization threshold, such
as peak 1 in this gas.

Peaks 6-8 are all weak and broad (as nearly as
one can tell from features .that stand only a fern

percent above the trend line). There are three ap-
parent explanations of these weak bumps in the
photoionization continuum: (a) The molecular
equivalent of extended x-ray absorption fine struc-
ture (EXAFS) seen in solids; (b) double excitation;
and (c) simultaneous excitation and ionization
(shake-up}.

The molecular equivalent of EXAFS is a diffrac-
tion effect in molecules as it is in solids, arising
from multiple scattering of the outgoing electron
waves. Dehmer and Dill" have shown for N, that
the higher angular momentum waves (I =2, 3, etc)

mixed into the final state by the anisotropic mole-
cular field cause oscillations in the partial photo-
ionization cross sections at energies more than
a few rydbergs above the ionization threshold.
However, much of this oscillatory behavior from
different waves cancels with the result that the
molecular EXAFS is expected to be &1% of the total
cross section. This is verified in N, by Bianconi
et a~." However, in 02 the centrifugal barrier
effects are pushed back to the threshold region and
we cannot rule out very weak (1%) EXAFS in the
range 1-5Ry.

Double excitation here means excitation of the
1s electron, most probably to the bound 2pm or-
bital configuration, and simultaneous excitation of
a valence 2s or 2p electron to a higher nI state.
This process was observed by Schnopper" in argon
mhere the KM double excitation was about 8%% of
the total cross section. Wuilleumier" observed the
KL double excitation in neon at 2% and the LN
double excitation in krypton at about (4-7)% (there
were four observed peaks). In each case the ion-
ization continuum for the outer electron was also
observed, corresponding to excitation plus ion-
ization (shake-up). Thus, there is ample evidence
that double excitation can explain features in the
continuum at the few percent 1.evel. We note that
double excitation is not observable in x-ray photo-
electron spectroscopy (XPES) with discrete line
x-ray excitation because energy would not be con-
served.

Shake-up in our contempt can be either the excita-
tion 1s- 2pm simultaneous with ionization of an
outer shell 2s or 2p electron or ionization 1s-~
simultaneous with excitation of a valence 2s or 2p
electron. Thus shake-up can appear in x-ray
photoabsorption spectroscopy (XPAS} in two modes:
(i) as a continuum following a discrete double ex-
citation line, or line series, and (ii) as a con-
tinuum rise superposed upon the single-electron
ionization continuum as the incident x-ray energy
increases past the threshold for inner-shell ion-
ization plus outer-shell excitation. In either case
the limited resolution and sensitivity of our XPAS
system will lead to a bump on the continuum, prob-
ably with little discernible structure. In XPES
data, however, shake-up appears as discrete fea-
tures above the discrete peak binding energy as-
sociated with ionization by removal of a single
core electron. These XPES peaks mill lie at the
low-energy threshold of XPAS continuum bumps
in mode 2 above. In mode 1 the XPES peaks will
lie between the XPAS double excitation line series
and the associated continuum. In high resolution
XPES data the discrete shake-up peaks are fol-
lowed by the continuum due to double ionization or
shake-off. Double ionization is not observable in
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TABLE VIII. Comparison of spectral features from several different measurements. (a) 02 binding energy 543.1 eV;
61.08' and 544.2 eV; 60.87'. (b) CO2 binding energy 541.1 eV; 61.46'. (c) CO binding energy 542.6 eV; 61.17'. (d) N20
binding energy 541.2 eV; 61.445'.

(a)

Peak
no.

. This work
E Width

(eV) (eV)

Ref. 5,
Width

(eV) (eV)

Ref. 9
Width

(eV) (eV)

Ref. 2
E Width

(eV) (eV)

1
2
3
4
5
6.

7
8

530.9
534.9
535.9
539.9
541.9
548.9
560.5
572.4

1.5
Narrow
Narrow
=1.8

6
Broad
Broad
BI'oad

532
534.8
536.8
540
542
548

=1.5
Narrow
Narrow

530.8

539.2
541.9

1.0

7
=2.5

532

543

~ ~ ~

~ ~ 0

Peak
no.

This work
E . Width

(eV) (eV)

Ref. 9
E Width

(eV) (eV)

Ref. 2
Width

(eV) (eV)

1.2
3
4
5
6
7
8
9

(c)

535.3
539.1
541.9
548.2
552.0
554.0
558.7
578.5

2.0
Narrow
=2.6

=6.5
BI'oad

535.4
538.7
541.5"
548

553
558

0
535.4

~ ~ ~

Peak
' no.

This work
E Width

(eV) (eV)

Ref. 5
Width

(eV) (ev)

Ref. 8
Width

(eV) (eV)

1
2
3
4
5

7.

531.2
534'.2
639.i
540.4
541.7
550.6
569.1

=1.6
1.6

Narrow
Narrow

Broad

529
532
536
537
538 c

=1.2

=0.5
=0.5
~0 5

534.0
538.8
539.8
540.9
550-

1.3
1.0
1.0
1.0

Broad

Peak
no.

This work
E Width

(ev) (ev)

Ref. 9
Width

(eV) (eV)

1
2
3

5
6
7

535.1
536.7
539.6
541.5'
547.8
552.2
575.1

Broad
BI'oad

534.6
536.5
538.8
540.0

552

1.2
=1.0
=1.0

Broad

'Not listed in the reference work, but a small bump corresponds to ours.
This peak listed by Wight and Brion apparently is meant to be a weak Rydberg transition at the leading edge of the

peak we call 4. The peak position and width listed here were scaled from their graph.
'Nakamura et al. (Ref. 5) see a series of weak, narrow peaks starting at the binding energy and running to 2 e V or more

higher. These would be Dehmer's (Ref. 15) inner-well discrete states.
Peak positions in this case are inQuenced by the thickness effect and peak widths are too large for the same reason.

We did not get a low-density run on this gas.
Peak is probably a blend of a line with the K-ionization jump.
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XPAS data because Carlson et al. '~ showed that its
cross section disappears at threshold excitation
photon energy. However, shake-up is finite or a
maximum at threshold. """'~ The problem of in-
terpreting shake-up here is that we observe at
threshold excitation and the relevant XPES obser-
vations have been made far above threshold. The
shake-up peaks observed in XPES"with Al Ko
excitation might not be the features one would ob-
serve at threshold excitation in our XPAS data
because the parent partial photoionization cross
sections (and by inference the shake-up cross sec-
tions) generally have quite different variation with
energy. "" The two techniques could be made
equivalent by using threshold excitation in XPES
by means of monochromated synchrotron radia-
tion, but this has not yet been done for inner-shell
absorption.

Carlson et al."observed oxygen shake-up peaks
with Al Ito. excitation energy at 10 eV (10%-15%
of total photoionization cross section) and at 22 eV
(5%-7%) above the lower binding energy. Since
these peaks are several eV above our peaks 6 and

7, we conclude that shake-up can explain our ob-
served peaks 6-8 if (a) a different set of peaks with
different nl is contributing in our threshold excita-
tion observations, or (b) the double excitation mode
1 above iS dominant in the shake-up process in oxygen.

This conclusion is strengthened by comparison
to the nitrogen X-edge data in N, and N,O. Bia-
coni et al."and Wight and Brion' attribute the peak
E in the data on N, and N,O (Ref. 12) to double ex-
citation transitions. They concentrate on matching
the stronger peak G to the model of Dehmer and

Dill, "who also attribute peak F to double excita-
tion. The well-resolved shake-up peaks in the data
of Gelius" are compatible with this assignment be-
cause the double excitation peak F is unobservable
in XPES and the observed peaks could be merged
with the relatively large peak G. However, peak
G can be adequately explained as a potential bar-
rier resonance. Thus, shake-up contributions to

N, and 0, photoabsorption data seem to be small.
A similar situation will be seen to exist in the data
on CO, and CO. It will require better resolving
power and much greater sensitivity measurements
to sort out the relative contributions of these three
explanations of weak bumps 6-8. Shake-up and

double excitation seem to be the most likely ex-
planations.

Our interpretation of the oxygen absorption struc-
ture is that the potential barrier effect causes an
increase of oscillator strength near the photoion-
ization threshold at the expense of higher energies.
Therefore, we expect better agreement with Ger-
wer and McKoy" (see Fig. 2) after all the reso-
nance channels and multiple-electron transitions

have been included in the calculations.

B. Carbon dioxide
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FIG. 4. Measured molecular carbon dioxide mass
absorption coefficient using the long cell. See captions
to Figs. 2 and 3 for more information.

All the CO, peaks except 6 and 9 in our designa-
tion were seen in electron scattering spectra by
Wight and Brion. ' LaVilla' resolved the strongest
peak 1,2. (Peaks 5 and 6 are not evident in Fig.
4.) Again the dominant peak 1, 2 comes from ex-
citation of an oxygen 1s electron to a bound-state
molecular orbital 2m„. The peak is broad enough
to contain two orbitals and their unresolved vibra-
tional structure. Some of our scans hinted of a
barely resolved doublet, which would be the or-
bital splitting. ' Some scans also showed a very
weak feature at about 530.7 eV, but the slight
variability of the nearby O Ko, contamination line
precluded a definite detection. Peak 3 is probably
an additional Rydberg transition 3pp„. Peak 4 can
be understood as an inner-shell quasidiscrete
state just above the binding energy. "

Our quantitative photoionization data make pos-
sible a revised explanation of the remaining fea-
tures. We suggest that weak features 5, 6, and 9
and a fraction of peaks 7 and 8 are groups of
shake-up transitions, and that peaks 7 and 8 owe
most of their intensity to potential barrier ef-
fects. Wight and Brion' explained all of peaks 7
and 8 as double excitation and shake-up transi-
tions because these were the only interpretations
known at that time. The energies are right, but
the intensities are wrong for this interpretation.
Allan et al. ' indeed measured a group of XPES
shake-up satellites from CO, with energies cor-
responding to the range of our peaks 6-8. How-

ever, they were using Mg Kn radiation and ob-
served a maximum relative intensity of 5.8% for
the strongest satellite. At the threshold photon
energy associated with our measurements it is
highly unlikely that the 3 V% relative intensity we
see could arise from shake-up. It is much more
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C. Carbon monoxide

Seven peaks have been detected, of which peaks
1-5 were seen qualitatively with better resolution
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FIG. 5. Measured molecular carbon monoxide mass
absorption coefficient using the long cell. A small peak
was detectable at 531 eV, where the line is dashed, in
some short cell scans. See captions to Figs. 2 and 3 for
more information. The dashed line around peak 6
represents calculated results from Padial et al. (Ref. 28).

probable that the weak shake-up transitions are
overwhelmed in this range by a potential barrier
peak, which in N, has been shown quantitatively to
reach such large relative intensity by Dehmer and
Dill. " On the other hand, the appearance of a very
weak shake-up feature at 548 eV (peak 5), which
was not evident in the electron spectra of Allan
et al. ,

"can be explained as a feature lost in the
noise of their data; it is also possible that we see
a relatively stronger feature at this position be-
cause of the sensitivity of molecular-orbital tran-
sitions to energy of the exciting photons as shown

by Wuilleumier and Krause" for neon, and by
Gustafsson" for the valence orbitals of SF,. Al-
though the selection rules for shake-up transitions
are different from one-electron transitions, the
sensitivity to photon energy is a peculiarly mole-
cular effect related to size and shape. Thus in the
threshold region of photon energy the relative
probabilities of various shake-up lines may differ
from those observed at high photon energy.

Peak 9 was not included in the shake-up spectra
presented by Allan et al."or by Carlson et al."
It could have any of the three explanations men-
tioned earlier for weak bumps in the 0, continuum.
%e have made no attempt to experimentally im-
prove on the details of any of the supposed shake-
up or double excitation features. The key to our
interpretation is that they are always weak in these
photoabsorption spectra and will require improved
resolution and sensitivity for further analysis.
The dominance of one-electron molecular transi-
tions in peaks 7 and 8 is our point of emphasis.

and sensitivity by Nakamura et al. ' Wight et al. '
observed peaks 2-6 in electron scattering. (Peak
4 is not evident in Fig. 5.) The energy scale of
Nakamura &t ai. ' needs to be shifted up a few eV
to match the peaks, but there is no problem with
identification. Although peak 1 was unambiguously
seen and identified by Nakamura et al. ,

' its char-
acter in our data cannot be unambiguously defined
because it is a weak forbidden transition that is
sometimes obscured entirely in our data by small
variations in the 0 Kz source contamination line.
Peak 2 is the always dominant excitation to a
bound-state orbital, in this case the 2pw* orbital
and 'II state, and its breadth is attributed to ex-
citation of several vibrational levels. In the refer-
ences peaks 3-5 were clearly resolved, weak
Hydberg transitions.

Again we offer a revised interpretation of the
strong continuum resonance peak 6. This feature
is about equal in relative intensity to the K-ioniza-
tion cross section. Its tail extends out to -600 eV
and includes the weak bump 7. Carlson et al."
observed a shake-up peak with 8/~ relative inten-
sity at 16 eV above the binding energy in CO along
with weaker peaks at 8, 23, and 27 eV. Thus
shake-up can explain our peaks only if the 8-eV
peak grows two orders of magnitude as the excita-
tion energy decreases from 1500 eV to threshold.
This leads us to conclude that peak 6 is almost
certainly not caused by electron shake-up, but is
a potential barrier effect. The analogy with the
Dehmer and Dill" calculation for N, is very close.
Here any inner-well discrete states are minor ex-
cept for peak 2.

This simple diatomic molecule provides an ex-
cellent test case for detailed molecular-orbital
calculations, which have just been started by Pa-
dial et a/. " They have done molecular-orbital cal-
culations for the oxygen K-shell photoabsorption
and obtain a shape resonance with its peak at 549
eV and a tail extending toward higher energies in
very good agreement with our peak 6. In Fig. 5 we
compare the calculated shape resonance to our
peak 6. The agreements of peak position and shape
are so close that improved measurements will be
needed to refine the details in this region as the
calculations continue to improve. We suggest the
following approach to improved experimental
photoabsorption cross sections. Crystal x-ray
spectroscopy can provide good accuracy in the re-
gions where structure is weak, around 500-520
eV and 560-600 eV. Electron scattering can pro-
vide good resolution and freedom from distortion
in the region with large amplitude structure. ~

It follows that optimum measured results should
come from electron scattering data that have been
normalized to x-ray photoabsorption data at high
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and low energies, say at 515 and 600 eV. A simi-
lar situation applies around the carbon K-edge and
nitrogen K-edge, where crystal spectroscopy is
feasible but suffers the same limitations. This
procedure has been carried out by Kay et al. '
with good results on the carbon and nitrogen
edges. Their work on CO confirms the shape re-
sonance interpretation of peak 6.
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FIG. 6. Measured molecular nitrous'oxide mass ab-
sorption coefficient using the long cell. See captions to
Figs. 2 and 3 for more information.

D. Nitrous oxide

Of the seven peaks detected in N,O, peaks 4 and
5 are not evident in Fig. 5 because of their weak-
ness. As in previous cases these were very weak
bumps that did not come out of the statistical fluc-
tuations on all scans. Peak 6 appears to be double
humped in Fig. 6 and in one other scan at about the
level of sensitivity of 1%.

Only one other relevant measurement of N,O is
known to us. Wight and Brion' observed our peaks
1-4 and 6 in electron scattering. Their technique
is much better than crystal spectroscopy for lo-
cating and resolving peaks. For example, on peak
4 we were probably measuring a hump that blended
their peak 4 and the K-ionization threshold jump.
Their energy for peak 1 is probably more reliable
also because we did not get a low-pressure scan on

this gas and the thickness effect causes a peak
displacement and considerable false broadening.

Assignment of the first four peaks in N,O is
rather risky without detailed calculations. All
four transitions clearly involve excitation of an

oxygen 1s electron to permitted molecular orbitals.
They are discrete inner-well states. The effect
of the potential barrier here appears mostly near
the binding energy; it causes a large drop in oscil-
lator strength just above the K-photoionization
threshold, puts oscillator strength into the inner-
well transitions, and possibly adds a little reson-
ance in the continuum as part of peak 6. However,

the presence of a continuum resonance in this gas
is not certain because shake-up states of the cor-
rect intensity and position to explain most of peaks
6 and 7 have been observed by Gelius" using Al

'

Ko. excitation. Weak features 5 and 7 may arise
as before from shake-up or they may be weak parts
of the net molecular effect on single-electron par-
tial photoionization cross sections. Peak 5 is too
close to the binding energy to be a double excita-
tion.

E. General

What stands out most clearly after examination
of the data on these gases is that all the large-
amplitude str'ucture can be semiquantitatively
accounted for by the sirigle conceptual scheme
expounded by Dehmer"'" and his colleagues. One
can deal with single-electron transitions and ex-
plain very strong features below and above the
ionization threshold. It is necessary however
to compute the overlap integrals with a realistic
treatment of the orbital geometries when atoms
are close together.

The question whether multielectron, shake-up, -

or double excitation transitions are observable
is more difficult. We know they occur with -5%-
20% probability in photoelectron spectroscopy
where the incoming photon energy is much greater
than the binding energy. Also we know that shake-
off probability decreases to zero as the photon

energy decreases toward threshold. We do not
know in general how the shake-up probability varies
with excitation energy. Our interpretation in this
paper has been that the shake-up probability will
be small because it is a second-order process.
The 0, data support this interpretation, but it
ought not to be pushed too far. Until an adequate
theoretical formulation becomes available we will
have to admit that some or all of the small broad
peaks we see in the photoionization continuum could
be due to double excitations and shake-up.

On the other hand, one may be able to explain all
observations up to the present level of sensitivity
entirely in one-electron terms. Whether the weak
observed bumps arise from double excitation and
shake-up (many electron) or from molecular mod-
ulation of the partial one-electron photoionization
cross sections will have to be decided by future
calculations. More data on the shake-up probabil-
ities as the excitation energy is reduced to thresh-
old are clearly needed.

The distinction between continuum shape reson-
ances, molecular EXAFS, and "ordinary" EXAFS
can easily be lost. One usually thinks of ordinary
EXAFS as Kronig or Koessel structure at «100
eV above the ionization threshold caused by scat-
tering of the outgoing p-wave electron under the
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influence of the core hole. The continuum shape
resonance is a peculiarly molecular effect that
comes out strong because of the anisotropy of
the molecular field which causes mixing of higher
angular momentum l waves. However, all inter-
mediate structure in the continuum occurs in vari-
ous molecular and solid environments. As more
data accumulate there will be a need for a better
classification scheme.

V. CONCLUSIONS

Data on photoabsorption coefficients (cross sec-
tions) in the region of the oxygen K-edge have been
obtained on four gases. Common characteristics
of the spectra lead to four useful conclusions. (i)
The dominant photoabsorption features can all be
understood as one-electron transitions with a dis-
tribution of oscillator strength that can be ex-
plained through molecular-orbital calculations.
(ii) Multielectron processes are probably present
in the weaker features observed at s10/~ of the
total photoionization cross section. (iii) The simple
diatomic molecule CO is a good test case for fur-
ther calculations because it contains a well-de-
fined continuum resonance. (iv) Oxygen is a good

diatomic test case for calculations of inner-well
discrete states.

The quantitative nature of the measured data
also leads to conclusions about absorption coef-
ficients of materials in different forms. (a) In the
region within -5 Ry above the ionization threshold
of light elements it is not possible to extract ac-
curate atomic absorption coefficients (cross sec-
tions) from measurements made on molecular
gases or solids. Measurements made at discrete
energies within -5 Ry of an absorption edge should
never be used for construction of smooth curves
of atomic absorption. (b) Future tabulations of low-
energy absorption coefficients for general use
should be specific to compounds and physical state
rather than to elements in atomic form.
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