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The total photoionization cross section of the 1s level of nitrogen in N, and N,O molecules has been
measured using monochromatized synchrotron radiation. High-resolution spectra in the range 390 < #iw < 450
eV were recorded. A broadband in the continuum at 9.4 eV above the ionization threshold, due to the f-
type shape resonance, has been measured with high resolution. The data are compared with theoretical
calculations of photoionization cross section. Recent Hartree-Fock calculations in the static-exchange
approximation agree better than earlier results, which employed the multiple-scattering method.

I. INTRODUCTION

Total photoabsorption and photoionization cross-
section measurements for carbon, nitrogen, and
oxygen near the K threshold are of interest, but
lie in a difficult spectral region. We have recently
measured photoabsorption above the K edge in a
series of small molecules containing carbon and
nitrogen using monochromatized synchrotron
radiation. We have presented the data on methane
and fluoromethane elsewhere,! and in this work
we discuss measurements above the nitrogen K
edge.

Detailed theoretical calculations of the K-shell
photoionization cross section of N in N, have been
given recently by Dehmer and Dill,? who used a
multiple~scattering method (MSM or X,), and by

Rescigno and Langhoff,® who used Stieltjes-Tcheby- /

cheff calculations in the static-exchange approxi-
mation. The photoabsorption cross section can be
calculated with these methods in the region near
the edge where the usual theory of extended x-ray
absorption fine structures (EXAFS)? does not apply.
For comparison with theory, we have measured
the absolute photoabsorption cross section of N,
and N,O over a large energy range with high reso-
lution using synchrotron radiation. Heretofore,
measurements of the N, and N,O nitrogen K ab-
sorption were performed using synchrotron radia-
tion with photographic registration® and also by
electron energy loss (ELS) using 2.5-keV elec-
trons.®® In both cases quantitative comparison
with theory is difficult: for photographic registra-
tion, because of the nonlinear response of photo-
graphic plates, and in the case of ELS, because

of the excitation process and finite range of ob-
served scattering angles. Nitrogen K-absorption
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data has also been obtained using x-ray brems-
strahlung from a tungsten anode.®!® However,

the resolution was not very high and the results
were limited to the near-edge region. The present
work confirms the very high intensity of the first
peak and determines the strength and shape of the

" broad maximum in the continuum. Extended x-ray

absorption fine structure oscillations far above

the edge are not observed in the limited observa-
tion range available above threshold in this experi-
ment. The differences between N,O and N, are
discussed.

II. EXPERIMENTAL METHOD

Photon-absorption data were obtained by trans-
mission measurements as a function of gas pres-
sure using monochromatized synchrotron radiation
emitted by the storage ring SPEAR. For this pur-
pose the 2-m grazing incidence monochromator
(“grasshopper”)'* on the 4° line at the Stanford
Synchrotron Radiation Laboratery was utilized.
The fixed exit beam from this instrument was
focused by a bent toroidal mirror at 2° grazing so
as to pass through the gas-absorption apparatus'?
with thin transparent windows. The 3-mm-diam
windows consisted of 1000-A-thick titanium films
supported by 80%-transparentnickel mesh. These
windows enclosed a 13.5-cm-long static cell. They
separated the gas region (pressure up to 5 Torr) from
the surrounding ultrahigh-vacuum chamber (107°-
10°® Torr), which was connected through the mono-
chromator to SPEAR vacuum. Numerous sensors
and automatic valves protected the line in case of
a leak. A high degree of isolation was achieved
through the use of differential pumping and because

the monochromator employs ~10-um entrance and

1907 © 1978 The American Physical Society



1908 BIANCONI, PETERSEN, BROWN, AND BACHRACH 17

T T T T T T T T j

ARGON

0.7 Torr

T T T T T T T

OPTICAL DENSITY

o WP T S S
244 246 248 250 252
PHOTON ENERGY (eV)

FIG. 1. L, ; absorption edge of argon gas recorded in
first order with about 0.7 Torr pressure in the gas
cell. Bandwidth of spectrometer ~0.3 eV at 250 eV.

exit slits.

A double “chevron” channel plate detector was
located beyond the gas cell within the high-vacuum
chamber. This detector could be operated either
in a photon counting mode or as an indicator of
average current. Transmission data were re-
corded, and the results were reduced with an on-
line computer.!> For example, the data were cor-
rected for stray light by mé.king scans of both gas
sample and reference (empty cell) out to beyond
1-keV photon energy, where there was little true
flux due to cutoff of reflecting surfaces. These
scans were then displayed as intensity versus
photon energy. The background was extrapolated
into the region of interest and subtracted from

. both sample and reference data, after which the
optical density and absorption cross section were
computed. Absolute gas pressures were measured
with a high-precision Wallace and Tiernan gauge,
but due to compounding of errors, measured cross
sections in Mb are uncertain to perhaps +20%.

For the present relatively high energy work, a
2400-lines /mm Bausch and Lomb replica grating

(catalogue No. 35-52-37-800) was used. A resolu-
tion of about 0.4 eV was achieved in the energy
range of interest. This is demonstrated by a scan
in first order of the L, ; absorption edge of argon
gas at 244 eV. Figure 1 shows the raw data taken
in less than 10 min. The first line in this spec-
trum is the spin-orbit split 2p,, to 4s Rydberg
transition of the rare gas. The features shown in
Fig. 1 were resolved by Nakamura et al.® using a
grazing incidence spectrometer in third order.
The energy they report for the 2p,, ~ 4s line of
244+ .04 eV was used for adjustment and calibra-
tion of our monochromator. After setting up the
instrument, these lines were reproducible within
the point density of Fig. 1, which was about 50
points/eV.

1. RESULTS AND DISCUSSION

Figure 2 shows the ofiginal data points of the
N, K-absorption spectrum between 400 and 425 eV.
The absolute cross section in Mb is plotted as a
function of photon energy in eV. Note that the
first peak has an oscillator strehgth much stronger
than the rest of the spectrum, which has been
multiplied by a factor of 10. The first line is
more than 30 times as intense as the remaining
structure and continuum. The energy positions of
peaks are reported in Table I. A discussion of
the spectrum can be divided into two sections:
(i) the discrete part below the ionization potential
[determined by electron spectroscopy for chemical
analysis (ESCA) as 409.9 eV (Ref. 14)]; and (ii)
the continuum above the ionization potential.
Clearly the spectrum does not show a simple 1s
- np Rydberg series converging to a continuum;
as should be the case for atomic nitrogen. After
the K edge the oscillator strength does not de-

TABLE 1. Energy of observed features in the & ~absorption spectrum of nitrogen gas along

with assignment of excited states.

Energy relative

Photon to the K -edge Excited- Calculated
energy ionization potential state energy
Gas Feature €eV) eV) symmetry ev)?
N, A 401.3° ~8.6 Ty : ~7.20
B 406.1 -3.8 - o, -3.50
c 407.3 -2.6 Tu —2.58
D 408.9 -1.0 Tg ;Ty -1.30
E 410.0 +0.1
F 415.0 +5.1
G 419.3 +9.4 Ty 10.90

2 Theory of Dehmer and Dill (Ref. 2).

b The energy scale is established by extrapolation from a one-point calibration at the argon
L edge (Ref. 11). Nakamuraiet al., (Ref. 5) give this energy as 400.8 eV. The two numbers
agree within the accuracy of the respective calibrations.
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FIG. 2. N, K—photoabsorptiqn spectrum. Since peak
A is much stronger than all other features, the theore-
tical and experimental spectra below 403 eV have been
reduced by 0.2, i.e., the maximum of experimental peak
A is about 17.4 mB. )

crease but rises to a broad peak G.

Figure 3 shows the N, K-absorption spectrum
up to 450-eV photon energy along with twice the
photoionization cross section of atomic nitrogen,
indicated by 2 x 0(N). The theoretical predictions
are given from two different approaches, accord-
ing to Refs. 2 and 3. Also shown by the vertical
lines under NO levels are the positions of ex-
pected peaks on the basis of the well-known Z +1
analogy.'® This is based on the assumption that
the effect of the hole created by the photoabsorp-
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FIG. 3. K-edge of N, is shown in comparison to the
theory of Dehmer and Dill (Ref. 2) and Rescigno and
Langhoff (Ref. 3).
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tion process in the 1s shell can be simulated by
adding one positive charge to the core. The N,

K spectrum has, therefore, to be compared to the
valence-band spectrum of NO.'® Although the
energetic positions of structure in both spectra

are in reasonable agreement (the first NO level

as positioned at peak A), the shape of the N, K
spectrum differs dramatically from the intensity
distribution usually observed in valence-band
spectra.

The theoretical curve included as a dashed line
in Fig. 3 represents results from the calculation
of the N, K-absorption cross section using the
MSM,? while the dash-dot curve is from Ref. 3.
Note that peak A is more than 10 times as intense
as peak B in both experiment and theory! Accord-
‘ing to Ref. 2, the high oscillator strength of this
first peak is caused by a centrifugal-barrier
effect which manifests-itself as a shape resonance
in the high-/ components of the final-state wave
functions. The peak A corresponds to the first
member of the 7, final-state Rydberg series.”"!”
Its dominant d-symmetric term (partial-wave ex-
pansion) is coupled by the molecular field to the
p wave, which is initially produced by photoab-
sorption of a K electron in an essentially atomic
field. Because of its predominantly d nature, the
7, final state is concentrated within the centrifugal
barrier for d-symmetric wave functions. This
leads to a high overlap of initial and final states
and thus to the observed strong oscillator strength,
which is in good agreement with the MSM calcula-
tion, '

The peak A as well as higher-lying structure all
lie above the valence-band ionization channels. In
the case of the lower-energy valence-band absorp-
tion, the first peak is observed as a continuum
shape resonance 2.4 eV above the ionization
limit.'®:!®* The high-energy A peak of Fig. 3 occurs
at —8.6 eV below the K edge. The structures B,
C, and D correspond to Rydberg excited states
and can be reasonably correlated with features in
the theoretical curve. The assignment of the
final-state symmetries according to Ref. 2 are re-
ported in Table I. Above the K edge the band F
at 415 eV has been attributed to double excitation.?

Comparing the continuum shape resonance G at
419.3 eV and the absorption to beyond 450 eV to
theory,?® qualitative agreement is found with the
theoretical prediction of the shape resonance in
the continuum.?'® On the other hand, the energy
position of the observed resonance occurs at a
slightly lower energy than the calculated peak of
Ref. 2 (9.4 eV compared to 10.9 eV above the ion-
ization potential). It should be noted that
the distance between the observed peaks A and G
is the same as that calculated, namely, 18 eV.



1910 BIANCONI, PETERSEN, BROWN, AND BACHRACH 17

N
o
T
4
K
]
B
]

o
I

5
T

[}
n
I

{ ST N T NN TR NN S N N
400 4i0 420 430 440 450

PHOTON ENERGY (eV)

o
o

ABSORTION COEFFICIENT (ARBITRARY UNITS)

FIG. 4. N,O K-photoabsorption spectrum. The lines
show the ionization potential of the “terminal” nitrogen,
Ny, and that of the central nitrogen N¢, The spectrum
above 405 eV has been increased by a factor of 5.

Using the multiple-scattering theory, Dehmer and
Dill? have found that the I=3 component of the
final-state wave function has a resonance near G
mainly due to the 0, channel of the excited electron.
An f-like final-state wave function oriented along
the molecular axis penetrates the molecular centri-
fugal barrier, and a substantial overlap with the

1s core orbital occurs. These higher-I components
arise from scattering as in EXAFS theory, which
involves the backscattering of outgoing p waves
from neighboring atoms. Scattering of the outgoing
wave is also involved in the near-edge structure,
but for energies <50 eV above the ionization po-
tential, the actual excited state in the anisotropic
molecular field must be calculated. We were not
able to observe any EXAFS oscillation above the
peak G in the limited energy range. Dehmer and
Dill® suggest that they should be weak and unob-
servable in the case of N,. The only molecular
EXAFS effect in this energy range is a N, cross
section slightly lower than the 2 XN cross section;
both curves join smoothly at about 190 eV above
the ionization potential.?

In comparing the theoretical results of Refs. 2
and 3 with experiment, one sees that the approach
of Rescigno and Langhoff® appears to be in better
agreement with experiment than the X« calcula-
tion,? both for energetic peak position and cross-
section magnitude.

Figure 4 shows the K-photoabsorption spectrum of
the nitrous oxide molecule (N,0). (See also TableIl.)
Unlike the diatomic (N,) molecular spectrum, two
strongpeaks, A, and A4,, are found below the K-ioni-
zationpotential. Infact, the N,O molecule canbe
written as NyN-O, where N, and N, are two in-
equivalent nitrogens with different core binding
energies and ionization potentials.'® For N the

TABLE II. Energy of observed features in the K -
absorption spectrum of N,O.

Photon

Gas Feature energy (eV)

N,0 401,16,
404,92
406.90
408,00
410,00
414.60
417.10
423,50

[,

RECHONCION - NN

K-edge ionization potential is 412.5 and for N,
408.5.'* The peaks A, and A, can be attributed to
transitions to the same d-wave component of the
p-type ionization channel, as peak A in the nitro-
gen molecule (from the 1s levels of N, and Ny,
respectively). The peaks B, C, and D are due to
the two superimposed Rydberg series extending up
to their respective ionization thresholds. Again,
by analogy with the N, case, the peak G can be
attributed to a “shape resonance” in the continuum.
Also, in this case no EXAFS modulations above
the G peak were observed. In the case of the N,O
molecule, direct comparison to the calculated
cross-section values cannot be made due to the
lack of such a calculation. However, concerning
the distribution of the oscillator strength below
and above the ionization threshold, the N,0 K-
photoabsorption spectrum is very similar to the
N, curve.

In conclusion, we have measured the photoionizc-
tion cross section for inner-shell transitions in
the continuum of N, and N,0. For N, qualitative
agreement is found with theory although the energy
relative to the K edge of the first excited state A
as well as that of the shape resonance G is found
to be slightly different from the calculated ener-
gies.®®* The N,O spectrum is discussed and com-
pared with the N, spectrum. Finally, we remark
that the observed high-resolution photoabsorption
spectra are in close agreement with electron-loss
spectra.®
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