PHYSICAL REVIEW A 76, 032707 (2007)
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Electron detachment from PO, (n=0-3) by electron impact was studied for incident-electron energies in
the range from 0 to 50 eV. In all cases, the cross section for electron detachment exhibits a well-defined onset
at a threshold energy that is significantly higher than the electron binding energy. For P~, PO~, and PO,", the
overall shape of the detachment cross section is represented fairly well by a classical model cross section. For
PO;™, however, deviations occur. It is suggested that deviations appear because the detachment process is
dependent on the relative orientation of the molecular ion with respect to the incoming electron. For all the
molecular ions studied here, the dominant reaction channel is pure detachment without fragmentation of the
molecule. At higher energies, electron impact furthermore results in dissociative detachment where a P-O bond
is broken. Three- and four-body fragmentation is found to be negligible.
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I. INTRODUCTION

The first experimental study of electron-impact detach-
ment from negative ions was reported already in 1966 by
Tisone and Branscomb [1] who studied the detachment pro-
cess

H +e —H+2e. (1)

This process was considered to be an important mechanism
leading to the destruction of H™ in the atmosphere of the Sun
where H™ is the predominant source of the opacity [2—4].
Knowledge about the absolute detachment cross section and
its energy dependence was therefore crucial for the modeling
of stellar photospheres, and this fact initially triggered the
experimental investigations within the field. Throughout the
1970s, electron-impact detachment cross sections of several
atomic anions were measured as a function of the electron
kinetic energy (see Refs. [5-8] and references therein), but a
common feature was lack of data in the cross section onset
region. Only with the advent of magnetic storage rings and
the use of merged beams in the 1990s did it become possible
to investigate the cross-section behavior in the threshold re-
gion. Since then, several atomic anions have been studied
[9-17] along with diatomic anions [18—24] and small poly-
atomic negative ions [25-30]. Moreover, the appearance of
electrostatic storage rings [31] and ion traps [32,33] have
made it possible to study electron detachment from large
molecules like DNA building blocks [34,35] and other heavy,
large molecular ions [36-38].

These studies have established that the detachment cross
section is characterized by an effective threshold two to three
times larger than the electron binding energy of target anion.
This effect can be accounted for by the Coulomb repulsion in
the incoming channel, which the projectile electron must
overcome to cause detachment. Furthermore, the detachment
cross section has a smooth energy dependence, which is ex-
pected due to the nonresonant character of the process. A
comparison of the detachment cross sections for the various
types of ions reveals that the cross section shapes are remark-
ably similar when scaled properly [20].
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In need of a simple analytic expression that might be used
to describe the near-threshold behavior of nonresonant de-
tachment cross sections, a simple classical model was intro-
duced by Andersen and co-workers [9]. This model assumes
that detachment occurs with constant probability p if the pro-
jectile electron comes within a distance Ry, of the anion.
Assuming that the incoming electron experiences a purely
repulsive Coulomb potential, an analytic expression for the
distance of closest approach D,. can be found as a function of
the impact parameter p and the energy E of the incoming
electron. The nonresonant cross section is then modeled ac-
cording to

R 0 0 DL(E’p) > Rth

E
=pmR}, max[O,(l—Eth)}, (2)

where the classical threshold energy for detachment, E,
=1/Ry, (in atomic units), has been introduced. This simple
model has been successful in describing the near-threshold
behavior of detachment cross sections for both atomic and
molecular anions [9,10,20]. The model, however, assumes
the target to be spherically symmetric, and consequently it
might fail to reproduce the experimentally observed cross
section behavior for highly asymmetric targets. In fact, signs
of limitations have been observed in a few previous cases
[37,39]. Here, we study electron-impact detachment from
phosphorus oxide anions and further develop the classical
model by taking into account the asymmetry of the target
anion.

Another aspect of the electron-anion collision process is
the possible formation and subsequent decay of a doubly
charged anion, a dianion:

X~ + e — X*” — neutral products. (3)

This process is a resonant process since the energy of the
incoming electron must match that of the dianion for the
reaction to occur. A resonant structure in the cross section for
neutral fragment production therefore indicates the formation
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and subsequent decay of a dianion. Such resonance struc-
tures have been observed for some small polyatomic anions
like, for example, C,” [18], CN™ [23], NO,™ [25], and NO;~
[27], but it remains a challenge to predict for which systems
such states exist. To obtain more information about in which
cases such resonance states might occur, we here compare
results for PO,™ and PO,~ obtained in this work to previous
results obtained for the electronic analogs of NO,” and
NO;™.

II. EXPERIMENT

The technique used in the present experiments is de-
scribed in detail elsewhere [20,27], and thus only a brief
introduction is given here. The PO, anions were formed in a
Cs sputter ion source [40,41] with a cathode consisting of a
mixture of 70% InP and 30% Ag. To produce the oxygen-
containing anions, atmospheric air was furthermore let into
the source, and the extracted ion currents were in the order of
10-100 nA. After mass selection and injection into the Aar-
hus STorage RIng Denmark (ASTRID) magnetic storage
ring [42,43] at 150 keV, the circulating ions were accelerated
by means of a radio-frequency system to final energies rang-
ing from 1.72 MeV for PO;™ to 4.41 MeV for P™. The aver-
age pressure in the ring was ~107!! mbar which resulted in
an average ion lifetime of several seconds. After having
reached the final storage energy, the stored ion beam was
merged with an essentially monoenergetic1 beam of electrons
provided by the electron-cooler device [44]. The beams were
merged several seconds after extraction of the ions from the
source, and the ions are therefore expected to be vibra-
tionally cold during electron bombardment.

Neutral fragments created in collisions of the stored ions
with electrons or residual gas are not affected by the dipole
magnet following the electron-ion interaction region and thus
leave the ring. Outside the ring, they hit an energy-sensitive
surface-barrier solid-state detector (SSD) located behind the
magnet. In order to extract the number of electron-induced
events, the number of background events stemming from
ions colliding with the residual gas must be subtracted from
the total number of counts. This background subtraction is
enabled by turning the electron beam on and off (chopped
beam) at a frequency of 20 Hz.

The fragments emerging from a collision event all have
essentially the same velocity, which is equal to the beam
velocity, and accordingly each fragment carries a kinetic en-
ergy proportional to its mass. When impacting on the SSD,
the fragments give rise to a signal dependent on their kinetic
energy which is deposited in the detector. The SSD pulse-
height spectrum therefore provides information on the frag-
ment mass, and to illustrate this fact, an SSD spectrum from
the PO,™ experiment is shown in Fig. 1. In the spectrum, four
peaks are evident corresponding to the detection of mass 16
(0), mass 31-32 (P, O,, and O+0), mass 47 (PO and P+0),
and mass 63 (any combination of one P and two O atoms).2

'"The energy spread is estimated to be 0.2 eV at collision energies
in the range 10-20 eV.
2All masses are given in atomic mass units (amu).
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FIG. 1. Typical energy spectrum of neutral fragments recorded
by the solid state detector with a PO,” beam of energy 1.9 MeV
stored in the ring.

As also indicated in Fig. 1, a molecule cannot be distin-
guished from a group of molecular fragments of the same
total mass arriving within a few microseconds since the two
events deposit the same amount of energy. Furthermore, due
to the finite energy resolution, one P atom cannot be distin-
guished from two O atoms as the total masses are very simi-
lar.

The electron-induced signal in each peak in the SSD spec-
trum was measured as a function of electron energy and con-
verted into a cross section by normalizing the electron-
induced count rate to the electron density and the number of
ions in the interaction region. However, the absolute number
of ions could not be obtained since the ion current was too
low. Instead, the rate of background events stemming from
residual gas collisions was used for normalization since this
rate is proportional to the ion current. As a consequence, the
obtained cross sections were not put on an absolute scale.
The experimental data were corrected for toroid effects oc-
curring in the electron cooler [12].

As described above, the solid-state detector measures the
total energy deposited in the detector material during the
stopping of the incoming fragments implying that, for ex-
ample, two O atoms emerging from a collision event cannot
be directly distinguished from an O, molecule. Nonetheless,
this problem must be surpassed if the branching ratios be-
tween different reaction channels are to be found. The chan-
nels can be separated from each other by using a well-
established grid technique [45-48] in which a mesh grid of
finite transmission, 7T, is inserted in front of the detector.
Now, channels leading to production of a neutral O, mol-
ecule contribute with probability T to the SSD peak corre-
sponding to detection of mass 32. In contrast, channels pro-
ducing two neutral O atoms contribute to the mass 32 SSD
peak with probability 72 and to the SSD peak corresponding
to detection of mass 16 with probability 27(1—T), as one of
the O atoms might be stopped by the grid. With the insertion
of a mesh grid, the relative intensities of the SSD peaks
change dependent on the branching ratios, and hence it be-
comes possible to separate channels that would be indistin-
guishable without a grid.
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To extract the branching ratios, such grid measurements
were performed for all molecular ions studied here with two
grids of transmission 68% and 24% in addition to an equiva-
lent measurement without a grid.

III. RESULTS
A. P~

The detachment cross section for P~ is presented in Fig.
2(a). The cross section is seen to be zero below some onset
energy at ~1.6 eV above which it increases smoothly with
the collision energy. The dotted curve represents a fit by the
classical model cross section [Eq. (2)]. The model provides a
good description of the data, but small deviations are evident
in the threshold region. The finite energy resolution of the
experiment causes a smearing of the measured cross section,
but since the energy spread is estimated to be ~0.2 eV, this
effect alone cannot account for the discrepancy. Another ef-
fect that causes smearing in the threshold region is tunneling
of the target electron out of the binding potential, an effect
not included in the classical picture. The classical threshold
energy for detachment extracted from the fit is 2.3+0.1 eV.

B. PO~

Figure 2(b) shows the cross section for neutralization of
PO~, which is the sum of the cross sections for pure detach-
ment and dissociative detachment. The cross section for pro-
duction of charged fragments is negligible in comparison and
is therefore not shown. The neutralization cross section has
an onset at ~3.0 eV and exhibits a smooth behavior as a
function of the collision energy with a maximum at ~25 eV.

5 30 35 40 45 5
E [eV]

10 15 20

0

The dotted curve is a fit by the model cross section of Eq.
(2). As seen, the agreement with the experimental data is
good, but the decreasing tendency at high energies is not
reproduced by the model. This decrease is due to the smaller
momentum transfer in high energy collisions, and deviations
occur since this effect is neglected by the classical model.
The value for the classical threshold energy extracted from
the fit is 3.9+0.2 eV.

To investigate the relative importance of pure detachment
and dissociative detachment, grid measurements were carried
out at four energies between 0 and 30 eV. For PO~, the fol-
lowing electron-induced reactions are relevant:

p
PO +2¢, AE=1.1 eV (A)
P+O+2e, AE=72 eV (B)
P +O+e, AE=6.5 eV

PO +e¢ — § _ <c
P*+0+3e™, AE=17.7 eV
P+O +e, AE=58 eV (D)
\P+O++3e‘, AE=20.9 eV

(4)

where AE is the endothermic reaction energy. The reaction
energies are calculated from the heats (or enthalpies) of for-
mation as listed in the NIST Chemistry Webbook [49] which
also includes references to the original measurements of the
heats of formation. In the energy range where the branching
ratio measurements were performed, no electron-induced
signal was observed in the peaks corresponding to detection
of single P or O atoms, implying that channels (C) and (D)
do not contribute to the total cross section at these energies.
The extracted branching ratios are shown in Fig. 3(a). As
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seen, the dominant reaction channel is pure detachment with
a relative contribution of more than 91% at all four energies.
Above 25 eV, this contribution apparently begins to decrease
as dissociative detachment [channel (B)] is setting in. Note
that even though this channel is more endothermic than
channels (C) and (D), it contributes more to the electron-
induced reactions in the studied energy range than the latter
channels.

C. PO,

The neutralization cross section for PO, is seen in Fig.
2(c). It increases smoothly with the collision energy above an
onset at ~6.5 eV. The cross section for production of
charged particles is negligible in the investigated energy
range and is therefore not shown.

A fit by the model cross section [Eq. (2)] is displayed as a
dotted curve in the figure. The classical threshold energy for
detachment of 8.8+0.2 eV is obtained by the fit. The fitted
curve reproduces the data fairly well, but, again, the mea-
sured cross section exhibits a more smooth onset than pre-
dicted by the model cross section due to the neglect of tun-
neling in the model.

Branching ratio measurements were carried out at ener-
gies below 35 eV. The reaction channels contributing to the
neutralization cross section here are

PO, +2¢7, AE=3.6 eV (A)

_ PO+0O+2e¢”, AE=9.0 eV (B)
PO, +¢" — _

P+0,+2¢", AE=10.0 eV (C)

P+20+2¢7, AE=15.1 ¢V (D)

©)

Again, the endothermic reaction energies, AE, are calculated
from heats of formation listed in Ref. [49]. The results of the

measurements are seen in Fig. 3(b). Below 17 eV, neutraliza-
tion solely stems from pure detachment [channel (A)],
whereas detachment plus dissociation into PO+O makes up
an increasing fraction of all events at higher energies. At 32
eV, the two channels account for 86+2% and 8.8+1.0% of
all events, respectively. All other channels constitute the re-
maining flux, each contributing less than 2%.

D. PO,

For PO;7, it is not possible to separate neutralization
events, that is production of PO; or neutral fragments of the
same total mass, from events producing PO, (or neutral frag-
ments of the same total mass). This is due to the limited
energy resolution of the solid state detector used in this ex-
periment to detect the low-energy heavy particles. The frag-
ments lose energy on their way through the dead layer to the
active area of the detector where they deposit their remaining
energy. This energy loss is due to Coulomb interactions with
nuclei and electrons of the detector material and scales with
the square of the nuclear charge of the fragments, thus being
more significant for heavier fragments [50]. Furthermore, the
energy lost in the dead layer exhibits a broad distribution
thereby causing a non-negligible spread in the detected en-
ergy deposit. The effect of the dead layer on the SSD spec-
trum is clearly seen in the spectrum shown in Fig. 4(a). The
SSD peak corresponding to detection of mass 79 is not cen-
tered at the full beam energy of 1.72 MeV but is instead
shifted to lower energies. More importantly, though, the two
SSD peaks corresponding to detection of mass 79 and 63 are
compressed into one single peak as the energy shifts are
different for the two peaks and as the energy loss causes
broadening of the peaks.

The cross section presented in Fig. 2(d) for PO; is there-
fore the sum of the neutralization cross section and the cross
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FIG. 4. (a) Energy spectrum of neutral fragments from a PO;~
beam recorded by the solid state detector with and without the
electron beam as well as the electron-induced signal. (b) Electron-
induced signal for fragment energies in the range corresponding to
masses 63 and 79 amu recorded with three different grid transmis-
sions. The solid and dashed lines are to guide the eye.

section for production of one charged oxygen. At a collision
energy of ~11.5 eV, the cross section has its onset, and it
continues to rise up to ~45 eV. As for PO,", the cross sec-
tion for production of other charged fragments than only one
oxygen is very small, and is therefore not shown.

The model cross section is found to give the best overall
description of the data when using a threshold energy of
13.3+0.2 eV. However, the model provides a poor descrip-
tion of the data not only in the threshold region as expected,
but rather in the entire energy range as the experimental
cross section exhibits a markedly different overall shape than
the model.
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Measurements to identify the reaction channels in play
were done at several energies in the range from 15 to 50 eV.
It is found that the most important channels are

PO, +2¢", AE=50 eV
B PO,+0 +e¢", AE=7.6¢V | (A)
PO3 +e — _ >
PO, +0%+3e~, AE=227 eV
PO,+0+2¢”, AE=9.1 eV (B)

(6)

where endothermic reaction energies again are calculated
with the use of Ref. [49]. The three reactions listed as chan-
nel (A) are indistinguishable due to the limited energy reso-
lution of the detector as explained above. It is obvious from
Fig. 3(c) that channel (A) is the dominant channel in the
entire energy range, but the relative contribution of this chan-
nel decreases, while channel (B) is setting in. At all energies
in this range, the two channels constitute more than 80% of
the electron-induced reactions.

Close inspection of the SSD pulse height spectra obtained
using the different grids reveals indications that the main
contribution to channel (A) might stem from pure detach-
ment. A complete pulse height spectrum is shown in Fig. 4(a)
together with the electron-induced signal in the energy range
corresponding to detection of masses 79 and 63 amu for
three different grids [Fig. 4(b)]. From the complete pulse
height spectrum, it is clear that the electron-induced signal
above 1.1 MeV peaks at higher energies than the correspond-
ing residual-gas induced background signal which most
likely contains contributions from both mass 63 and 79 amu.
As some of the electron-induced events stem from channel
(B), flux must be transferred from a neutral mass of 79 amu
to mass 63 amu upon insertion of a grid in front of the
detector. Figure 4(b) clearly shows that the electron-induced
signal develops a tail to lower energies when grids are in-
serted, and, as expected, the tail is most pronounced at low
transmissions. Furthermore, the tail in the SSD pulse height
spectrum appears around 1.2 MeV which is in the energy
range where a signal stemming from mass 63 amu would be
expected (the mass 63 fragment energy should be lower than
%Ebeam= 1.3 MeV due to the aforementioned energy loss in
the dead layer). As no contribution is found around 1.2 MeV
in the spectrum taken without a grid, it is concluded that
channel (A) is probably dominated by pure detachment.

IV. DISCUSSION
A. Threshold energy

The threshold energy for electron-impact detachment
from the four anions is related to their electron binding en-
ergy. The incoming electron interacts with the anion on a
time scale much shorter than the time scales for molecular
vibration and rotation, and hence the molecular geometry
essentially remains unchanged during the detachment pro-
cess. Therefore the threshold energy for detachment must be
compared to the vertical detachment energy (VDE) rather
than the adiabatic electron affinity (EA) (see Ref. [51] for
definitions). However, the photoelectron spectra for PO~
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FIG. 5. Measured threshold energy for electron-induced detach-
ment from the PO, anions as a function of their vertical detach-
ment energy (VDE) [52-55]. Filled circles are the onsets as read
from the cross section plots, whereas the open circles represent the
threshold energies obtained by a fit to the classical model cross
section. The dashed line represents the 2'4(VDE)** prediction (see
text for details).

[52], PO, [53], and PO;™ [54] show that only PO, exhibits
a difference between the EA and VDE, which is found to be
0.2 eV. The threshold energies obtained for the four studied
species are shown as a function of their VDE in Fig. 5. Here,
both the threshold energy obtained from a direct reading of
the cross section onsets as well as the values obtained from
the fits of Eq. (2) to the cross section data are plotted. The
difference reflects the discrepancies between the measured
cross section and the model in the onset region, some of
which is due to tunneling.

For atomic anions, the threshold energy E; may be re-
lated to the electron binding energy of the anion, E, and the
spatial extent of the binding potential, d, through the equa-
tion Ey=vEy/d (in atomic units) [10,56,57]. In the case of
weakly bound atomic anions, the spatial extent of the bind-
ing potential scales according to d=1/v2E, [58], and com-
bining these two relations gives the following expression for
the threshold energy:

E
En=1— =2"E" (7)

For molecular anions, the binding energy is replaced by
the VDE. The threshold energy predicted by this expression
has previously been compared to the experimentally obtained
threshold energies for a number of different anions [27], and
good agreement was found for the smaller species. This
model is also shown in Fig. 5. While giving a fairly good
estimate of the threshold energy for the small species, it is
underestimating this threshold for the larger molecules, in
particular PO;".

A phenomenon that can lead to a higher threshold energy
for PO;™ than expected is the anion polarizability. As the
incoming electron approaches the anion, the target electrons
respond to its presence by moving toward the opposite side
of the binding potential as sketched in Fig. 6. The electric
field of the projectile electron changes the potential seen by
the target electrons, which results in the appearance of a
potential barrier through or over which electrons might es-
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FIG. 6. (a) Sketch of the binding potential of the least bound
electron in the undisturbed anion, that is, the effective potential
created by the nuclei and the other electrons. (b) Sketch of the total
potential experienced by the least bound electron in the presence of
the projectile electron. The other electrons also respond to the in-
coming electron by moving to one side of the potential which leads
to a polarization of the anion. Thus the height of the potential bar-
rier that must be penetrated or overcome in order to escape in-
creases (solid line) relative to a model potential which ignores the
polarization (dashed line).

cape. However, the increased electron density in the direc-
tion opposite the approaching electron increases the barrier
height compared to a situation without polarization effects.
Thus the incoming electron must carry more energy to cause
significant detachment than expected from a model ignoring
polarization of the anion. A similar effect has been observed
for strong-field ionization of small metal clusters [59]. As
compared to a calculation relying on a single-active-electron
picture, a dramatic suppression of the ionization was ob-
served in that work. This suppression was attributed to the
cluster polarizability, and when including this effect in the
calculation, better agreement with the observations was ob-
tained.

To explore the effect of polarization, a comparison of the
polarizabilities of the phosphorus oxide anions would be de-
sirable. As an approximation, the polarizability scales with
the volume of the molecule [60]. Since the PO5 anion is the
largest of the molecules studied here, it is expected to have
the highest polarizability, and consequently it is plausible
that any effect stemming from a polarization of the target
anion is most pronounced for this anion.
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B. Cross section behavior

For P~ and PO~, the overall shape of the neutralization
cross section (neglecting the threshold region) is well de-
scribed by the classical model [Eq. (2)], which assumes that
a detachment reaction occurs with constant probability if the
incoming electron comes within a certain distance of the an-
ion. However, for PO;™, and partly PO,", the model does not
only fail to describe the measured cross section in the near-
threshold region but it is furthermore not sufficient to repre-
sent the overall shape of the measured cross section, which
displays a different curvature than the model. A similar be-
havior of the cross section was also seen for p-benzoquinone
(C¢H40,7) [37], and for some hydroxide-water cluster an-
ions [39]. The discrepancy between the data and the model
cross section might be attributed to the geometry of the mo-
lecular systems. In the model used above, the reaction zone
is chosen to be a sphere with radius Ry=1/Ey, which is
reasonable for the spherical symmetric atomic anions, but the
assumption becomes problematic, for example, planar mol-
ecules such as p-benzoquinone and PO;". As already men-
tioned, the nuclei can essentially be considered fixed in space
during the scattering process since the time scales for vibra-
tions and rotations are longer than the collision time scale.
The detachment process is thus likely to depend on the ori-
entation of the molecule relative to the impacting electron.
This leads to a dependence of the threshold energy on the
molecular orientation, and since all orientations are present
in the beam, the result is a smearing of the cross section. As
a consequence, the model cross section [Eq. (2)] no longer
reproduces the observed behavior.

To investigate how an orientational effect as described
above might influence the cross section shape, the classical
model is extended in the following such that the reaction
zone becomes an ellipsoid instead of a sphere. The ellipsoid
is characterized by the lengths of three semiaxes, which in
the following are collectively denoted by a. The orientation
of the ellipsoid with respect to a space-fixed frame is de-
scribed by the three Euler angles, «, 8, and v, collectively
referred to as ). The reaction probability is now given by

P El GZD(E’P’Qb,G)SR(Q,a,(j’»G)

0, otherwise

>

(8)

P(E,Q,a,p, ) = {

where D(E,p, ¢, 0) is the distance between the incoming
electron and the center of the ellipsoid, and R(Q,a, ¢, 6)
describes the surface of the ellipsoid (see Fig. 7). p is the
impact parameter and € and ¢ are the polar and azimuthal
angles, respectively, of the incoming electron. For a given
orientation £ of the ellipsoid, the cross section is given by

27 (oo
o(E,Q,a) = f J P(E,Q.a,p,d)pdpd . 9)
0o Jo

In the ion beam, the ions have random orientations, and
the cross section must be averaged over all orientations be-
fore it can be compared directly to the data. The orientation-
ally averaged cross section is computed according to
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Y

FIG. 7. The scattering of an electron in the field of a central
potential. The ellipsoidal reaction zone is indicated by the gray area.

2@ w27
(o(E,a))= #J f f o(E,Q,a)sin BdydBda.
o Jo Jo

(10)

The reaction probability P(E,Q,a,p,¢) as well as the ori-
entation dependent and the orientational averaged cross sec-
tions were calculated numerically for different assumptions
on a. It should be noted that the shape of the cross section
only depends on the ratios of the lengths of the three semi-
axes, implying that it is determined by only two parameters,
while a third parameter determines the overall scale.

In Fig. 2, the model cross section for an elliptical reaction
zone is shown (solid curves) together with the experimental
data. The relation between the lengths of the three semiaxes
was set to 1:0.5:0.5 for PO,™ and 1:1:0.3 for PO;". These
relations were obtained by comparing the measured cross
sections to numerically calculated cross sections for different
ellipsoids and choosing the ellipsoidal geometry that gave
the best agreement between the measured and the model
cross section. Remarkably, the obtained ellipsoids are similar
to the shapes of the anions: PO,™ has a bent geometry with
an O-P-O bond angle of 119° [53] and PO, has a planar
geometry with D3, symmetry [54]. Figure 2(d) shows that
the ellipsoidal model gives a significantly better agreement
with the measured cross section than the spherical model,
implying that an orientational effect could indeed play an
important role in the observed energy dependence of the de-
tachment cross section.

C. Dianions

Previous studies of electron-impact detachment of NO,~
and NO;™ have shown structures attributed to the formation
of short-lived dianions in the detachment cross section of the
two anions [25,27]. As the electronic structures of these an-
ions are similar to those of PO,™ and PO;™, it was speculated
that dianion states of PO, and PO5; might also be populated
in scattering events. However, the detachment cross sections
of the phosphorus oxide anions do not show any sign of
resonant structures stemming from dianion formation.

For another pair of isoelectronic species, NCO~ and
NCS~, resonant structures have been observed in the detach-
ment cross sections [29]. The energy of the NCO?* reso-
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nance was found to be slightly higher than the energy of the
lowest-lying NCS?~ resonance state owing to the reduced
Coulomb repulsion for the latter species [29].

In the case of NO, ™, two resonance states were observed:
one at 7.2 eV above the anion ground state and another at
16.5 eV [25]. Drawing parallels with the findings for NCO~
and NCS™, two resonance states might also be expected for
PO,”. However, if existing, the low-energy state of P022_ is
likely not to be seen in the experiments: presumably, the
resonance position will be lower than the 7.2 eV seen for
NO,"™ due to the reduced interelectronic Coulomb repulsion
in PO,". Since the electron binding energy of PO, is as high
as 3.4 eV [53], the emission of two electrons and thus the
creation of detectable neutral fragments appears unlikely.

The argument given above does not exclude the possibil-
ity of observing a dianion state of PO, corresponding to the
higher-lying dianion state of NO,. Furthermore, a dianion
state. of NO; was observed at 18.6 eV above the NO;~
ground state, and thus for PO32' a similar state appears pos-
sible. The fact that no such states are observed for neither
PO,™ nor PO;™ may be ascribed to several effects: (i) the
states might not exist, (ii) the dianions might decay by either
single-electron autodetachment or Coulomb explosion in
which cases no detectable (neutral) fragments emerge from
the process, (iii) penetration of the Coulomb barrier at the
relevant energies might be suppressed, (iv) the lifetime might
be too short to cause a significant structure.

PHYSICAL REVIEW A 76, 032707 (2007)

V. CONCLUSION

Electron-impact detachment from PO, (n=0-3) was
studied for collision energies in the range from ~0 to
~40 eV. All cross sections exhibit a well-defined onset at an
energy significantly larger than the electron binding energy
of the target anion. The measured cross sections were com-
pared to a classical model, which provided a good descrip-
tion of the cross section behavior of the smaller ions, when
disregarding the region below the classical threshold. For
PO;", a nonspherical model was introduced, which improved
the agreement with the experimental data.

For the molecular anions, measurements to extract the
branching ratios were conducted, and it was found that pure
detachment was the dominant reaction channel in all cases.
The second most important reaction channel was dissociative
detachment with one of the P-O bonds being broken.

In contrast to their isoelectronic species NO,™ and NO;™,
neither PO,™ nor PO;™ is seen to form transient dianion states
when bombarded with electrons.
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