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Anisotropic dissociation of NO in K-shell excited states
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The angular distributions of fragment ions produced from NO in N K-shell or O K-shell excited
states have been measured with a rotatable time-of-flight mass spectrometer. The asymmetry pa-
rameter (3) derived from the measured angular distribution is —0.75 at 399.7 eV (N 1s—7*). The
[3 parameter for transitions of the N 1s electron to Rydberg orbitals changes with the symmetry of
the transitions. The f parameter shows a broad maximum around 415 eV due to a o* shape reso-
nance. The 8 parameter for O 1s excitation is similar to that for N 1s excitation.

I. INTRODUCTION

There have been a number of studies on the measure-
ment and interpretation of inner-shell excitation spectra
of molecules.! ™3 Inner-shell spectra of unsaturated dia-
tomic molecules are characterized by two kinds of reso-
nances (7* and o*) and by transitions to Rydberg orbit-
als. The lower-energy 7* resonance occurs appreciably
below the inner-shell ionization potential (IP). The
higher-energy o* resonances may be positioned below or
above the IP. For clear determination of symmetry for
these transitions, it is useful to measure angular distribu-
tions of fragment ions produced from molecules in inner-
shell excited states.* Very recently, anisotropy in the ion-
ic fragmentation from K-shell excited molecules, N,
(Refs. 5-7) and O, (Ref. 8), has been measured with
angle-dependent photoionization spectrometry. This new
technique determines molecular orientation at the instant
of photoabsorption when the lifetime of the dissociation
is fast relative to any disorienting process.

After the inner-shell excitation of a molecule, an
Auger-type transition occurs, producing a highly-
valence-excited molecular ion which, in turn, decomposes
into fragment ions.” The Auger transition and subse-
quent ionic fragmentation generally occur much faster
than the rotational motion of the molecule since the
highly-valence-excited states have repulsive potential
curves in most cases.!® Therefore fragment ion angular
distributions can be a powerful tool for determining tran-
sition symmetry through the molecular orientation at the
initial photoabsorption step.

Photoabsorption spectra“’12 and an electron-energy-
loss spectrum!3 of NO show fine structures near the N K
and the O K edges. In the region of the N K edge, an in-
tense peak attributed to the N 1s—2p 7* transition ap-
pears at 399.7 eV. [The states (1s)”'’IL(2p #*)' and
(1s)7'I(2p 7*)! have not been resolved experimental-
ly.] Ionization thresholds are located at 410.3 eV for *II
and at 411.8 eV for 'TI. There are weak peaks between
the intense peak and the ionization thresholds, which
correspond to excitations of N 1s electrons to discrete
Rydberg orbitals. Above the ionization thresholds, a
broad band is located around 415 eV, which is interpret-
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ed to originate from a o* shape resonance. The absorp-
tion spectrum near the O K edge is similar to that near
the N K edge.

In order to examine the interpretation of NO core-level
photoabsorption spectra in detail, angular distributions
of fragment ions (N*, OF, N?*, and O*") produced from
NO following soft-x-ray absorption have been measured
in the region of the N K and the O K edges using a rotat-
able time-of-flight (TOF) mass spectrometer.

II. EXPERIMENT

The experimental procedure has been described else-
where.>” Briefly, synchrotron radiation from an electron
storage ring at the Electrotechnical Laboratory!* was
dispersed with a Grasshopper monochromator.’” The
resolving power of the monochromator (A/AA) was es-
timated to be about 500 in the N K-edge region and about
300 in the O K-edge region. The monochromatized soft
x-rays crossed an effusive NO beam at right angles in the
center of the TOF mass spectrometer. The purity of NO
molecules was 99.9%. The electrons and ions produced
by soft-x-ray irradiation were extracted in opposite direc-
tions and detected with microchannel plates.!® The
detected signals were processed with a combination of
usual nuclear-instrument modules. TOF spectra of frag-
ment ions have been measured using the mass spectrome-
ter in a photoelectron-photoion coincidence mode at an-
gles of 0°, 54.7°, and 90° with respect to the polarization
direction of the incident photon. (All electrons having
various energies can make a start signal for TOF spectra.)
An electric field (13 or 26 V/mm) was applied to the in-
teraction region in the spectrometer.

III. RESULTS AND DISCUSSION

A. Experimental results

Figure 1 shows TOF spectra of the combined N7,
NO?*, and O™ signal measured at photon energies of
399.7, 406.4, and 414.6 eV at angles of 0° and 90°. These
energies correspond to the excitations of a N 1s electron
to 2p 7*, 3s o, and the shape resonance, respectively. On
the basis of a fitting calculation described below, struc-
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FIG. 1. TOF spectra of N*, NO**, and O" from NO mea-
sured at photon energies of 399.7, 406.4, and 414.6 eV for spec-
trometer angles of 0° (left) and 90° (right).

tures in the TOF spectra are interpreted as follows. A
broad peak around 2.16 us is produced by NV ions ini-
tially moving toward the ion detector with a kinetic ener-
gy of about 5 eV. A peak around 2.25 us originates from
N* having a low kinetic energy (~1 eV). Although
there is usually a possibility that N T jons with 5 eV ini-
tially moving in a direction perpendicular to the spec-
trometer axis contribute to the peak at 2.25 us, the ions
cannot reach the detector under the present experimental
conditions (small aperture size and weak electric field). A
central peak at 2.33 us originates from three contribu-
tions: NO?%' ions with thermal kinetic energy, which
produce a sharp peak, N ions with about 5 eV kinetic
energy initially moving away from the ion detector and
repelled back toward the detector by the extraction field,
and O™ ions with about 4 eV kinetic energy initially mov-
ing toward the ion detector. A peak around 2.47 us is
produced by OV ions initially moving away from the ion
detector with about 4 eV kinetic energy.

At the 1s—2p 7* excitation (399.7 eV), the TOF spec-
trum measured at 0° shows a peak at 2.25 us generated by
N7 ions with a low kinetic energy and shoulders at 2.16
and 2.47 us, respectively, originating from the N* and
the O™ ions with high kinetic energies. In contrast the
spectrum measured at 90° has a much different profile, in-
dicating that the intensities of the shoulders at 2.16 and
2.47 us increase and the intensity of the peak at 2.25 us
decreases. This qualitative finding suggests that the mol-
ecule preferentially dissociates in the direction perpendic-
ular to the photon polarization: The excitation at 399.7
eV is a [I—-2 or [1—A transition (1s 0 —2p 7* transi-
tion in the one-particle picture).

B. Analysis of TOF spectra

In order to determine angular distribution parameters
(B) from the angle-dependent TOF spectra, simulation
calculations have been carried out. This procedure is
briefly presented here because a detailed description was
reported elsewhere.” ! In a simple case where a monoen-
ergetic fragment ion emerges from a point source, the
TOF spectrum is expressed as
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f(t,0,B) <4+B(1—3cos?0){1—3[(t —1t,)/At]*} (1)

for to—Ar <t <ty+At, where ¢, t,, and At denote the
flight time of the ion with kinetic energy, the flight time
of the ion with no kinetic energy, and a half of the full
width at the base of the TOF spectrum derived from the
kinetic energy, respectively. In this equation, 6 denotes
the angle between the TOF spectrometer axis and the po-
larization vector of the incident photon. The half width
At is connected with the applied electric field (E) as fol-
lows:
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where m denotes the mass of the fragment ion, W indi-
cates the kinetic energy of the ion, and g is the electric
charge of the ion.

The observed TOF spectrum is determined by the
kinetic-energy distribution and the angular distribution
of the dissociating ion, the characteristics and the geome-
trical orientation of the TOF mass spectrometer, and the
applied electric fields. The latter two factors are set at a
fixed value in the measurements. The undetermined fac-
tor necessary for derivation of the angular distribution is
the kinetic-energy distribution of the fragment ion. For-
tunately, the TOF spectrum of the fragment ion taken at
54.7° (magic angle) is almost the same as that of isotropic
dissociation (8=0), even if the ion source is not a point
(i.e., a line along the photon beam in the present measure-
ment) and if the polarization degree of the photon slight-
ly deviates from 100%. In fact, the calculated TOF spec-
trum changes at most by 1% at the magic angle as 3
changes from —1 to 2. Therefore the kinetic-energy dis-
tribution has been determined from the TOF spectrum at
54.7° by the simulation calculation, assuming that S=0.
In this simulation, the trajectory of the fragment ion was
calculated inside the TOF spectrometer and the effect of
the angular resolution on each kinetic energy was taken
into account. Values of kinetic energies were selected
such that the term V' W changed at a constant step, yield-
ing widths of TOF spectra that change at a constant step
in the time scale (i.e., about 0.25 us). The simulation cal-
culation gave the weight factor to each kinetic energy,
which corresponds to the distribution of kinetic energies
after correction of collection efficiency of ions. Another
choice of group of kinetic energies yielded essentially the
same profile of kinetic-energy distribution. Effective an-
gular resolution and detector efficiency for different ki-
netic energies have been considered in the present simula-
tion technique.

Figure 2 shows the TOF spectra calculated for N,
O*, and NO?* ions at 399.7 eV taken at 54.7°, 0°, and
90°. The B parameter was assumed to be O for the spec-
trum at 54.7° and —O0.7 for those at 0° and 90°. The
dashed curves at the bottom (centered at 2.42 us) are cal-
culated profiles of 0" ions with several kinetic energies.
The dashed curves second from the bottom (centered at
2.25 us) are calculated profiles of N ions with several ki-
netic energies. The dashed curve with the 54.7° spectrum
(centered at 2.33 us) is a calculated profile of NO?>* ions
with thermal energy. The solid curve for 54.7° is the sum
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of all of these dashed curves. Profiles of Nt ions with
about 5 eV, of NO?" jons with thermal energy, and of
O™ ions with about 4 eV overlap one another at 2.33 us.
Only solid curves are drawn for the spectra at 0° and 90°.
Each dashed curve in the figure represents the relative
collection efficiency for all ions with a particular kinetic
energy as a function of initial emission angle. The ions
initially moving toward the ion detector correspond to a
shorter value of the flight time in the dashed curve. On
the other hand, the ions initially moving away from the
detector yield a longer flight time. The ions initially
moving perpendicular to the spectrometer axis contribute
to the center of the dashed curve. When the kinetic ener-
gy becomes high, the intensity at the center of the dashed
curve becomes low. This fact shows that the collection
efficiency of the ions initially moving perpendicular to the
axis is lower for higher kinetic energy.

This figure shows that the calculated profile at 54.7°
has well reproduced the experimental data. The kinetic-
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FIG. 2. Experimental and calculated spectra of N*, NO**,
and O at 54.7°, 0°, and 90° measured at 399.7 eV. Dots are the
experimental data. Dashed curves at the bottom (centered at
2.42 us) are the profiles of O ions derived from the simulation
calculation on the assumption that =0 and the kinetic energies
are 0.315, 0.709, 1.26, 1.97, 2.81, 3.86, 5.04, 6.36, 7.88, 9.48, and
11.34 from inner to outer. Dashed curves at the second column
from the bottom (centered at 2.25 us) are the calculated profiles
of N ions on the assumption that =0 and the kinetic energies
are 0.36, 0.81, 1.44, 2.25, 3.21, 4.41, 5.76, 7.27, 9.0, 10.83, and
12.96 eV from inner to outer. A dashed curve at the third
column from the bottom (centered at 2.33 us) is the calculated
profile of NO* ions on the assumption that =0 and the kinetic
energy is thermal. The solid curve for 54.7° is the sum of these
dashed curves. The solid curves for 0° and 90° are profiles calcu-
lated on the assumption of = —0.7.
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energy distribution of N* obtained shows a maximum at
about 5 eV at every photon energy. That of O* shows a
maximum at about 4 eV. These results seem reasonable
in the light of molecular ion states populated through
Auger processes.!” The kinetic-energy distribution at the
energy of the N K —7* transition shows considerable in-
tensity at about 0.5 eV. In K-shell excitation of N, (and
also O,), atomic ions having kinetic energies of 0.5-1.0
eV are produced at the K —7* transition. These ions
were ascribed to come from dissociation processes like
NL(K '7*)>N, " (V! and ¥V 27*)+e—>N"+N+e,
where V refers to a valence orbital.!®!®1° In the present
case of NO, a similar phenomenon is presumed to occur.
These results will be discussed in another publication.

After the kinetic-energy distribution was obtained, the
TOF spectra at 0° and 90° were reproduced by calculation
with various 3 values. In this calculation, the photon was
assumed to be 100% linearly polarized. The 3 value was
determined to minimize the difference between the exper-
imental data and the calculated profile. Examples of the
simulation are shown in Fig. 2.

The 3 parameters obtained from the data at 0° and 90°
are in agreement with each other. The data at different
applied electric fields (13 and 26 V/mm) gave the same
value to the parameter within the uncertainties con-
sidered. If the applied electric field has an effect on
molecular orientation, the field would cause different
values for the 3 parameter to be derived from TOF spec-
tra at different angles and/or at different fields. There-
fore the field has no measurable effect on the derived 8
values. Since signals for N*, O, and NO*" ions were
not separated in the TOF spectra as shown in Fig. 1, it
was difficult to obtain each B parameter for N* and O*
ions accurately. Thus the authors have calculated a mix-
ing of the 8 parameter for N* and O" ions [B,(1)] and
that for N> and O** [B,(2)].

C. Asymmetry parameter

Figure 3 shows the asymmetry parameters mixed for
NT and O" (in the middle), and for N>* and O*" (at the
bottom) in the N K-edge region, together with the elec-
tron yield spectrum (at the top). This electron yield spec-
trum shows a similar profile to the photoabsorption spec-
trum by Akimov, Vinogradov, and Zimkina!! and has a
slightly different character from the data by Morioka
et al.'> and Wight and Brion.”> There is no observable
structure near the energy of 404 eV in the present spec-
trum. This result supports the argument by Akimov, Vi-
nogradov, and Zimkina that the structures appearing
near 404 eV in the spectra by the latter two groups can be
ascribed to impurity effects. The 8 parameter for N* and
O™ and that for N*>* and O?>* show essentially the same
photon energy dependence. This result suggests that in-
termediate states for production of the singly and doubly
charged ions have the same lifetime or a shorter lifetime
than the rotational motion within the accuracy con-
sidered.

The 3 parameter shows an oscillatory variation below
the N K edge and increases to a broad maximum around
414 eV above the N K edge. It is interesting to compare
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FIG. 3. Asymmetry parameters for N* and O and for N2*
and O?" as a function of photon energy near the N K edge, to-
gether with the yield of the total electron signals. Bars indicate
sizes of experimental uncertainties. Symbols 4 —F were put for
clarity of discussion in the text. The bars with hatching denote
the ionization threshold for *II (left-hand side) and that for 'TI.

the measured asymmetry parameters with the predicted
electronic transitions. The 3 parameters obtained by the
experiment include effects due to photoionization of
valence electrons by the soft x-rays and by stray light.
Thus the measured 3 parameter has been corrected by
subtracting the effect of underlying valence ionization.
Table I lists the 3 parameter results below the N K edge.
The parameter for singly charged ions S,(1) is slightly
different from that for doubly charged ions [f,(2)] at
peaks C—-E. However, this difference is smaller than the
sizes of error considered.

The value of 3,(1) is utilized for discussion below be-
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cause the signal intensity of the singly charged ions is
higher than that of the doubly charged ones. The S8 pa-
rameter at peak 4 (ls—2p 7*) is about —0.75+0.2.
(The value, —0.75, is the average value obtained with
several measurements.) This value is close to the expect-
ed value of —1 for [I—-3 and II-—-A transitions in con-
sideration of the present uncertainty. The slight
discrepancy may come from the following factors. First,
polarization of the incident soft-x-ray beam was not
100% owing to the present optical system. The degree of
polarization was estimated to be 93% by calculation. In
this estimation, the 3 value of —1 corresponds to a mea-
sured value of —0.95, which agrees with the present
value within the uncertainty. The other possible factor is
an effect of the rotational motion of the excited ionic mol-
ecule. The doubly charged ion of NO has stable poten-
tials as well as the singly ionized ion.® These potentials
can reduce the average speed of dissociation over various
channels, because part of the fragment ions are produced
through predissociation from a stable potential.

The B value at peak B (ls—3s o) is 1.0+0.5. The
value expected for a II—II transition is 2. The
discrepancy between the obtained and the expected B
values is probably connected with the factors mentioned
above. The imperfect polarization of the photon (93%)
gave a 3 value of 1.9 instead of 2. A surface contamina-
tion of optical elements used has occasionally an effect on
a polarization degree of the photon and decreases it. Ro-
tational effects, however, seem to be more important for
the discrepancy in the 3 parameter at peak B. With these
considerations, the present value is consistent with the as-
signment of peak B to the 1s —3s o transition. At peaks
C(1s—3pmand 3so’) and D (1s—4s o, 3p 7', and 3d ),
the 3 parameters are —0.6 and —0.5, respectively. It is
presumed that the cross section of ls—3p 7 is higher
than that of 1s—3s o or 4s o, on analogy with the case
of N,.! The negative 8 values at peaks C and D are
reasonable. At peak E (1s—4s o’ and 3d’), the 8 param-
eter is —0.2. Since transitions to higher Rydberg orbitals
and into the (1s)”! continuum might occur at this pho-
ton energy owing to the low photon-energy resolution,
the 3 parameter is consistent with the expected value.

Above the ionization threshold, the 8 parameter rises
to 0.65 at 414 eV and gradually decreases with an in-
crease in photon energy. The electron yield spectrum

TABLE 1. Asymmetry parameter for photoexcitation of the N 1s electron of NO. S, is the experi-
mental value corrected by subtracting the effect of valence photoionization. The digit in parentheses (1
or 2) means that the 3, is for singly charged ions or doubly charged ones.

Excited orbital®

Peak Energy (eV) me e B.(1) B.(2)

A 399.7 2p 2p T —0.75+0.2 —0.75%+0.2
B 406.4 3so 1.0£0.5 0.9+0.5
C 407.6 Ipm 3so’ —0.6+0.3 —0.3+0.3
D 408.9 4s 0,3d Ipn —0.5+0.3 —0.2+0.3
E 410.2 4s o',3d’ —0.2+0.3 0.1+0.3

*Reference 11.
"Triplet ionization state [N(1s)~ '] at 410.3 eV.
°Singlet ionization state [N(1s)™ '] at 411.8 eV.
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shows a similar behavior. In comparison of inner-shell
excitation spectra of related molecules,>!! this broad
maximum in the excitation spectra was interpreted to
come from a o-type shape resonance effect. If this shape
resonance occurs there, the 3 parameter is supposed to
show a positive value owing to the 1s o —o* transition.
The present result on the broad maximum of the 8 pa-
rameter confirms the previous interpretation that the o*
shape resonance state peaks around 414 eV.

The asymmetry parameters mixed for N* and O" and
for N?* and O%" in the O K-edge region are shown as a
function of photon energy in Fig. 4, together with the to-
tal electron yield spectrum. The obtained electron yield
spectrum does not clearly exhibit peaks associated with
transitions from 1s to Rydberg orbitals. The background
intensity of the electron yield spectrum in Fig. 4 is higher
than that in Fig. 3. This is because ionization of the N 1s
shell contributes appreciably to this background and the
photon beam includes more stray light than in the N K
region.

However, the electron yield spectrum shows a peak at
532.5 eV and a broad maximum above the O K edge.
The feature is similar to the spectrum by Akimov, Vino-
gradov, and Zimkina.!! The 8 parameter at a photon en-
ergy of 532.5 eV (O 1s —2p 7*) is —0.6, which corre-
sponds to a corrected value of —0.9 by subtracting
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FIG. 4. Asymmetry parameters for N* and O™ and for N2*
and O*" as a function of photon energy near the O K edge, to-
gether with the yield of the total electron signals. Bars indicate
sizes of experimental uncertainties. The bars with hatching
denote the ionization threshold for *II (left-hand side) and that
for 'TI.
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effects of valence ionization and of N 1s ionization. This
value is in agreement with the expected value of —1 for
II—-3 and I1—A transitions. At photon energies from
538 to 543 eV (transitions from O 1s to Rydberg orbitals),
the B parameter is close to zero. This result comes from
the following explanation. Ionizations of the N 1s elec-
tron and of the valence electron are dominant in compar-
ison with the excitation of the O 1s electron. The
photon-energy resolution is low, making transitions to
Rydberg states overlap one another.

Above the ionization threshold (°II: 543.3 eV), the B
parameter rises to about 0.4 (a corrected value of 0.75 for
only O 1s excitation) at 546 eV and gradually decreases
with increasing photon energy. The energy position of
the maximum S value is in agreement with that of the
electron yield spectrum. This broad maximum near 546
eV is associated with the o* shape resonance. The posi-
tion of the maximum f value related to the O K edge is
slightly lower than that at the N K edge. The width of
the shape resonance at the O K edge is narrower than
that at the N K edge.

It is important to compare the obtained 3 parameter of
NO with those of related molecules (N, and O,) for
comprehensive understanding of the character of K-shell
excited states. Table II lists the excited orbitals and the
corresponding 8 parameters of N,,>7 O,,% and NO. For
m* excitation, the B parameters are in agreement with
one another within uncertainties for the three molecules.
For 3s excitation, the parameter of N, is 1.4%0.3, being
close to the expected value, 2 (1s 0 —3s o). That of NO
is 1.0+0.5, being slightly different from the expected
value. This difference may be connected with the open-
shell structure of NO. The 3 parameter of O, is 1.4+0.3,
close to expectation (ls 0 —3so and o* shape reso-
nance).

The parameter of O, for 3p excitation is 1.23%0.2,
which is much different from those of N, and NO (about
—0.65). In the latter two molecules, the dominant tran-
sition is presumed to be 1s 0 —3p 7. In contrast, the o*
shape resonance occurs at this energy for O,, yielding a
positive B value. At the 3d (and 4s) excitation, a similar
difference is seen among the 3 parameters of these mole-
cules. The B parameter of O, is positive (1.05), and those
of N, and NO are negative (about —0.5). This is also be-
cause the shape resonance is in this energy region in O,.

The comparison of the 3 parameter and of the anti-
bonding orbital energy among the three molecules has

TABLE II. Asymmetry parameter for transitions to discrete
orbitals below the K edge in N,, O,, and NO. An orbital in
parentheses means that a transition to this orbital overlaps with
that to the orbital listed at left.

3 parameter

Orbital N, 0, NONN K)
* —0.71£0.15 —0.89+0.15 —0.75+0.2
3s 1.44+0.3 1.41+0.2 (o*) 1.0+0.5
3p —0.66+0.2 1.23£0.2 (0*) —0.6%0.3 (3s’)
3d and 45 —0.3940.2 1.05£0.2 (¢*) —0.5%+0.3 (3p’)
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been made here on a basis of qualitative interpretation.
For quantitative understanding of symmetry of K-shell
excited states, detailed theoretical work is required in
connection with experimental studies.

1IV. SUMMARY

The angular distributions for the combined signal of
N* and O™ and for that of N2> and O*" from NO have
been measured near the N K edge and the O K edge for
the first time. The 8 parameters at N 1s —2p 7* and O
ls —2p 7* are both close to —1. The 8 parameter in the
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region of N 1s —Rydberg orbital transitions varies due to
the symmetry of excitations. At about 3.5 eV above the
N 1s ionization and the O ls ionization thresholds, the 8
parameter shows a broad maximum due to the o* shape
resonance.
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