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a b s t r a c t

An experimental and theoretical study of the single photoionization cross section of the
Pþ cation of phosphorus is presented. Photoionization (PI) cross sections are instrumental
for the determination of abundances in the interstellar medium. The experiment was
performed by merging an ion beam with a photon beam. The photon beam was nearly
monochromatic and had an energy resolution of 24 meV. Calculations were carried out
using the Breit–Pauli R-matrix method. The combined study was developed in the photon
energy interval from 18 eV (68.9 nm) to 50 eV (24.8 nm). Comparison between the mea-
sured and the calculated cross section shows good agreement in general and identifies
features of the process and existence of states in the experimental beam. The present
results should provide for more accurate modeling of Pþ .

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The advent of third generation synchrotron radiation
sources has made high-resolution experimental data
available, triggering the advance of theoretical methods.
Photoionization (PI) cross sections are instrumental for the
determination of abundances in the interstellar medium.
Phosphorus is of particular interest because its relative
abundance is used as an indicator of possible life-
propitious regions in the Universe [1]. It is an important
element of RNAs existing in all living tissues. Lines of P II
and P III have been found in the high resolution spectra of
hot OB stars under the project called ASTRO-2 (J. Hillier,
private communication, 2015).
From a theoretical point of view, Pþ is interesting
because it has a silicon-like electronic configuration and is
also an intermediate-sized near neutral ion in which
electron–electron correlation is expected to be large. To
our knowledge, PI cross sections of the single ionized
cation of phosphorus are not available in literature.

Earlier studies of the photoionization cross sections of
Si I isoelectronic sequence were obtained under the opa-
city project (OP) [2] by Mendoza and Zeippen [3], Nahar
and Pradhan [4], and Nahar [5] using the close coupling
approximation and the R-matrix method. In these iso-
electronic sequence calculations, the PI of Pþ was not
considered.

In this study we present a state-of-the-art theoretical
calculation derived from the Breit–Pauli R-matrix (BPRM)
method and cutting-edge experimental data for the single
PI of Pþ .
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2. Experiment

The experimental data were measured using the Ion
Photon Beam end station on undulator beam line 10.0.1.2
of the Advanced Light Source (ALS) at the Lawrence Ber-
keley National Laboratory. The method was based on the
merged-beams technique [6] and has been described
previously in detail by Covington et al. [7]. A more recent
description of the experimental method was given by
Müller et al. [8]. A general description of the present
experiment with details relevant to the present investi-
gation will be given here.

The fundamental idea of this technique consists of
merging a photon-beam and an ion-beam over a common
collinear path. As a result of the beams interaction along
the overlapping zone, Pþ ions from the initial ion beam
may be photoionized yielding doubly charged P2þ ions.
The resulting doubly charged ions are separated from the
parent ion beam and relevant parameters of both beams
such as their intensities and form factors were measured.

The photons required to photoionize Pþ cations were
generated by making the storage ring electrons oscillate
within a 10-cm period undulator positioned in the 0.5 A
constant current, 1.9 GeV synchrotron ring. A resulting
highly collimated photon beam of spatial width less than
1.5 mm and divergence less than 0.06° was produced. The
photon beam was further monochromatized with a sphe-
rical grating. This grating was configured in the grazing
incidence mode that allowed for selection of the photon
energy with a controlled grating rotation and with trans-
lation of the exit slit of the monochromator. At the same
time, the undulator gap was adjusted to maximize the
photon beam intensity.

The background P2þ ions produced by collisional indu-
ced ionizationwere subtracted from the photo-ion signal by
intermittently cutting the photon beam with a chopping-
wheel. A partial photon energy error of 710 meV was
achieved by calibrating the photon energy in a side-branch
gas-cell using photon ionization energies of He [9] and Kr
[10] in an energy range from 21.218 eV to 63.355 eV.

The ion beam was produced by injecting a mixture of
PF3 and Ar gases into an ECR ion source. The Pþ ion beam
was selected by its mass-to-charge ratio by a 60° sector
magnet located after the all-permanent-magnet ECR ion
source. A typical Pþ ion beam current was 350 nA.

The ion beam was then steered through a 90° electro-
static spherical-sector bending-plates setup that merged
the ion beam with the photon-beam. Following, in the
beams trajectory, a voltage biased cylindrical-mesh was
used to define the length of the beams interaction. The
photo-ions that are formed inside this interaction region
(IR) were separated from those produced along the rest
because the bias voltage applied to the IR energy-marked
the P2þ ions generated inside it. The overlap between the
ion and photon beams was measured with the help of
mechanically controlled two-dimensional slit scanners
which produce profiles of both ion and photon beams.
These profiles were used to calculate the overlap between
the photon and ion beams, thereby allowing us to derive
the interaction volume needed for the absolute cross sec-
tions computation. A 45° dipole analyzing magnet de-
merged the beams separating the P2þ products from the
parent Pþ beam. The de-merging magnetic field was
selected such that only the P2þ product photo-ions gen-
erated inside the IR were collected.

The single absolute PI cross section σPI of Pþ was
derived from

σPI ¼
Rqe2viϵ

Iþ Iγ
R
FðξÞdξ; ð1Þ

where R is the photoion signal count rate, q is the charge
state of the parent ion, e¼ 1:6� 10�19 C, vi is the ion
beam velocity in cm s�1, ϵ is the responsivity of the pho-
todiode, Iþ is the ion beam current (A) and Iγ is the pho-
todiode current (A). ξ is the ion beam propagation direc-
tion and

R
FðξÞdξ is the form factor FðξÞ integrated along

the IR length. FðξÞ was measured by the mechanical beam
profilers in the entrance, center and output (i¼ 1;2;3
respectively) of the IR. These three values of FðξiÞ were
determined from

F ξi
� �¼ RR

Iþ ðx; yÞIγðx; yÞdxdyRR
Iþ ðx; yÞdxdy R R

Iγðx; yÞdxdy; ð2Þ

where Iþ ðx; yÞ and Iγðx; yÞ correspond to the ion and pho-
ton beam profiles that define at each location the spatial
overlap of the beams along the common IR path. To derive
the integral of Eq. (1), FðξÞ was interpolated within the IR
total length and integrated over ξ.

Figs. 1 and 3 show total spectra that were measured in
scans of one-electron-volt intervals, these individual sec-
tions of spectrum will be called, from here on, 1 eV-scans.
The intensity in these scans consists of ion-yield normal-
ized to photon and ion intensities as a function of the
photon energy. During the experiment, each 1 eV-scan
was overlapped 0.5 eV with the following scan. This
reduced the possible effects from a slight mechanical
backlash from the monochromators and also improved the
automatic photon flux optimization adjustments in the
photon beam line. The 1 eV-scans were combined by
normalizing the intensities. The total resulting spectrum
was then normalized to the cross section measurements
performed at specific energy values (shown in Table 2).

The gluing routine implied arbitrarily choosing one
1 eV-scan and shift the neighboring scans by 71 meV to
match structures. To estimate the error introduced by this
method of gluing, the computing routine was executed
several times with different initial 1 eV-scans, yielding an
estimated error in the photon energy of 78 meV. This
error source combined with the gas-cell energy calibration
uncertainty of 710 meV yields a total overall uncertainty
of 713 meV in the photon energy.

The most important sources of systematic errors in the
absolute cross section measurements are the beams
overlap integral, the photodiode responsivity and the
photodiode current measurement. For this experiment, we
estimated a larger error for the photodiode current mea-
surement of 10% in instead of 3% given in Covington et al.
[7] where other contributions to the total systematic
uncertainty are listed. For this experiment, a total sys-
tematic error of 20% in the cross section absolute mea-
surements is given.
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The cross section measurements can be under-
estimated due to the presence of higher-order radiation in
the photon beam. This effect is specially large at the lower
energy regime of the present measurements. The same
experimental setup was used to study the photoionization
of Wþ by Müller et al. [8]. They derived a correction
function for this particular experiment and found that the
correction to the cross section at 20 eV was almost 40%
and at 25 eV was on the order of 17%. To account for this
effect, we performed an approximation to this correction
by interpolating from correction factors of 1.9 at 16 eV,
1.4 at 20 eV and 1.17 at 25 eV. Assuming a monotonic
decay of the correction function and based on the fact that
above 25 eV, the correction function is lower than the
systematic error of the cross section, we arbitrarily added
1 at 35 eV for the correction function. We used this
approximation for fc to offer a correction in the energy
range from 18 eV to 35 eV of the present data. It is
important to point out that an additional uncertainty of
50% of the difference between the measured and the
higher-order-radiation corrected cross sections has to be
applied. These error bars are shown in Fig. 1.
3. Theory

Autoionizing states introduce resonances in the PI
process. Theoretically, resonances can be generated natu-
rally in any ab initio calculation by including core excita-
tions in the wave function, as considered in the close
coupling (CC) approximation. In the CC approximation the
atomic system is represented by a (Nþ1) number of
electrons where the core ion is an N-electrons system
interacting with the (Nþ1)th electron. The (Nþ1)th elec-
tron is bound or in the continuum depending on its
negative or positive energy (E). The total wave function,
ΨE, in a symmetry SLπ is expressed by an expansion as
(e.g., [11])

Ψ Eðe� þ ionÞ ¼ A
X
i

χ iðionÞθiþ
X
j

cjΦj ð3Þ

where the core ion eigenfunction, χi, represents ground
and various excited states. The sum is over the number of
states considered. The core is coupled with the (Nþ1)th
electron function, θi. The (Nþ1)th electron with kinetic
energy k2i is in a channel labeled as SiLiπik

2
i ℓiðSLπÞ. A is the

antisymmetrization operator. In the second sum, the Φjs
are bound channel functions of the (Nþ1)-electrons sys-
tem that provides the orthogonality between the con-
tinuum and the bound electron orbitals and accounts for
short range correlation. Substitution of Ψ Eðe� þ ionÞ in the
Schrödinger equation

HNþ1Ψ E ¼ EΨ E ð4Þ

introduces a set of coupled equations that are solved using
the R-matrix approach.

The details of the R-matrix method in the CC approx-
imation can be found in, e.g., [11–15]. The relativistic
effects are included through Breit–Pauli approximation
(e.g., [11]), where the Hamiltonian is given by

HBP
Nþ1 ¼

XNþ1

i ¼ 1

�∇2
i �

2Z
ri

þ
XNþ1

j4 i

2
rij

8<
:

9=
;

þHmass
Nþ1þHDar

Nþ1þHso
Nþ1 ð5Þ

in Rydberg unit. The relativistic correction terms

are corrected by mass, Hmass ¼ �α2

4

P
ip

4
i , Darwin,

HDar ¼ Zα2

4

P
i∇

2 1
ri

� �
, and spin–orbit interaction, Hso ¼

Zα2P
i
1
r3i
li � si. R-matrix Breit–Pauli (BPRM) approximation

also includes part of two-body interaction terms, such as
the ones without the momentum operators [11]. In this
approximation the set of SLπ is recoupled for Jπ levels of
(e� þ ion) system which is followed by diagonalization of
the Hamiltonian.

The solution of BRPM approximation is a continuum
wave function, ΨF, for an electron with positive energies

ðE40Þ, or a bound state, ΨB, at a negative total energy
ðEr0Þ. The complex resonant structures in photoioniza-
tion are produced from channel couplings between con-

tinuum channels that are open k2i 40
� �

, and ones that are

closed k2i o0
� �

, at electron energies ki
2
corresponding to

autoionizing states of the Rydberg series, SiLiJiπiνℓ. ν is the
effective quantum number of the states in the series con-
verging on to the excited core thresholds.

The photoionization cross section (σPI) is given by
(e.g., [11])

σPI ¼
4π2

3c
1
gi
ωS ð6Þ

where gi is the statistical weight factor of the bound state,
ω is the incident photon energy and S is the generalized
line strength

S¼ joΨ j JDL JΨ i4 j2 ¼ ψ f

XNþ1

j ¼ 1

rj

������
������ψ i

* +������
������
2

; ð7Þ

where Ψ i and Ψ f are the initial and final state wave
functions and DL is the dipole operator in length form.
4. Computation

BPRM calculations are initiated through a package of
codes [15–17] for various stages with the wave function of
the core as the initial input. The core wave function was
obtained from atomic structure calculations using code
SUPERSTRUCTURE (SS) [18,19]. SS uses Thomas–Fermi–
Dirac–Amaldi potential and includes relativistic contribu-
tions in Breit–Pauli approximation. Table 1 presents 18, the
ground and 17 excited, fine structure levels of P2þ inclu-
ded in the wave function expansion of Pþ . They were
obtained from optimization of 19 configurations up to 5s
orbital of P2þ . The calculated energies from SS are com-
pared with observed values (listed at NIST [20] compila-
tion) in Table 1. Comparison shows agreement between SS
and observed values within a few percent.



Fig. 1. Total photoionization cross section, σPI, of Pþ measured with a
photon energy resolution of 24 meV: black dots joined with gray lines.
Open circles represent the absolute cross section measurements of
Table 2. A portion of the spectrumwas multiplied by a correction factor fc
for higher-order radiation population in the photon beam: gray dots
joined with gray lines. An additional uncertainty of 50% of the difference
between the corrected and uncorrected cross section has to be included
for the corrected portion of σPI. In the case of the absolute data point at
19.05 eV, the total error associated to the correction is 0.27, this error is
not plotted. The thresholds of two lower lying levels of Pþ were posi-
tioned at NIST energies and are labeled with their corresponding terms:
1D2 and 3P0. Some resonant structures are marked by vertical lines
grouped by a sloped line. These structures may resemble a Rydberg series
that seems to converge to ð3s3p2Þ2P1=2 final state of P2þ ; however, is not
well resolved and its assignation is uncertain. The peaks indicated by
vertical lines are: 29.551 eV, 30.934 eV, 31.661 eV, 32.105 eV and
32.385 eV.

Fig. 2. Comparison of photoionization cross sections σPI of P II between
the measured spectrum (panel (a)) and predicted values from six indi-

vidual levels 3s23p2 3P0;1;2;
1D2 ;

1S0
� �

and 3s3p3 5So2
� �

(panels (b)–(g)). A

number of resonant structures, numbered from 1 to 9, in panel (a) are
being identified with those in panels (b)–(g). “T” denotes the threshold
energy for the ground state. All panels correspond to the same vertical
scale except the top one.

Table 1

Levels and energies (Et) of core ion P2þ in wave function expansion of Pþ .

Level Jt Et (Ry) NIST Et (Ry) SS

1 3s23p 2P
o� �

1/2 0 0

2 3s23p 2P
o� �

3/2 0.005095 0.0043

3 3s3p2 4P
� �

5/2 0.511829 0.5128

4 3s3p2 4P
� �

3/2 0.520570 0.5103

5 3s3p2 4P
� �

1/2 0.518708 0.5087

6 3s3p2 2D
� �

3/2 0.682693 0.7055

7 3s3p2 2D
� �

5/2 0.682957 0.7056

8 3s3p2 2S
� �

1/2 0.993620 0.9941

9 3s3p2 2P
� �

1/2 0.993620 1.0334

10 3s3p2 2P
� �

3/2 0.997044 1.0361

11 3s23d 2D
� �

3/2 1.065039 1.1438

12 3s23d 2D
� �

5/2 1.065142 1.1439

13 3s24s 2S
� �

1/2 1.073800 1.1099

14 3s24p 2P
o� �

1/2 1.288321 1.3487

15 3s24p 2P
o� �

3/2 1.289567 1.3496

16 3p3 2D
o� �

3/2 1.342508 1.3864

17 3p3 2D
o� �

5/2 1.343073 1.3868

18 3p3 4S
o� �

3/2 1.455433 1.4907
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The total wave function of Pþ included 0rℓr10
partial waves for the interacting electron and 16 con-
tinuum functions for the R-matrix basis sets. The R-matrix
boundary was chosen to be large enough, 15 ao, to
accommodate the bound orbitals. The second term of the
wave function, which represents the bound state correla-
tion functions, included 39 (Nþ1)-particle configurations
with orbital occupancies from minimum to a maximum
number as given within parentheses of the orbitals 1s(2–
2), 2s(2–2), 2p(6–6), 3s(0–2), 3p(0–4), 3d(0–3), 4s(0–2), 4p
(0–2), 4d(0–2), 4f(0–1), and 5s(0–1)).

Photoionization cross sections are obtained with con-
sideration of radiation damping for all bound levels using
the BPRM R-matrix codes [15–17]. The narrow resonances
of photoionization were delineated at a very fine
energy mesh.
5. Results and discussions

The experimental results for σPI are presented in Fig. 1
and, in the first panels of Figs. 2–4. The measured data
points in the spectrum of Fig. 1 are plotted with black dots
joined by a gray line that can be noticed only in the peaks
due to the high density of the data. This spectrum was
normalized to σPI absolute measurements of Table 2. These
cross sections were measured at energy values where the
spectrum appears to be structureless. To perform the
normalization, a factor of the cross sections to the ion yield
spectrumwas derived in the energy values where absolute



Fig. 3. Photoionization cross sections σPI at and near the thresholds of

ground level 3s23p2 3P0

� �
and a few low lying excited levels

3s23p2 3P1;2

� �
;3s23p2 1D2

� �
and 3s3p3 5So2

� �
of Pþ illustrating agreement

in threshold features (pointed by arrows 1, 2, 3, and T) between the
experimental observation (a) and theoretical reproduction in the five
individual levels (b)–(f). The letter T indicates the ionization threshold at
19.77 eV (NIST compilation table).

Table 2
Measured absolute total single photoionization cross section σPI of Pþ

derived from the experimental parameters of Eq. (1). The error corre-
sponds to the quadrature sum of one standard deviation and a systematic
uncertainty of 20%. Also the corrected cross section due to a higher order
radiation has an additional uncertainty of 50% of the difference between
the measured and the corrected cross section (not quoted here).

Photon energy (eV) σ (Mb) Error (Mb)

19.05 0.62 0.23
27.88 1.02 0.32
30.00 1.00 0.29
40.83 1.21 0.31
48.40 1.36 0.34

Fig. 4. Comparison of single photoionization cross sections σPI of Pþ

between the experiment (panel (a)) and statistically averaged total sum

(panel (b)) of cross sections of the six levels, 3s23p2 3P0;1;2;
1D2 ;

1S0
� �

and

3s3p3 5So2
� �

as presented in panels (c)–(h). The individual cross sections

were convolved before the summation. Selected resonant structures
(denoted by T, 1-6) are compared in the panels. The averaging has
reduced most of the calculated resonances.
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measurements were done. For the spectrum intervals
where no absolute values were measured, the normal-
ization factor was derived from a third order spline
interpolation.

The P2þ signal of all 1 eV-scans was measured with the
interaction region bias-voltage on as a function of the
photon energy with the same conditions that were used to
measure the absolute cross sections points of Table 2.
However, the form factors were not recorded for every
point in the 1 eV-scans but monitored to maintain this
condition. Hence, the resulting spectrum consisted of a
normalized ion-yield spectrum. This ion-yield spectrum
was normalized to the cross sections as indicated above.

In Fig. 1, a portion of the spectrum (smaller gray dots
joined with a gray line) was multiplied by fc. This is the
correction function that accounts for high order radiation
in the photon beam and is applied below 30 eV. Since we
used a rather simplistic approximation for fc, we prefer to
present both, the corrected and the measured spectrum. A
text file with the measured spectrum of Fig. 1 and the
correction function fc is given in the complementary
material section of this publication. To facilitate the com-
parison with theory, the corrected portion of the
experimental spectrum below 30 eV has been inserted in
panels (a) of Figs. 2 and 4.

Fig. 1 shows two distinct resonant structures below the

ground state ionization limit of 3P0 at 19.839 eV, indicating
contribution from metastable excited states in the initial
Pþ ion beam. Based on the observed structures and on the
energy range considered, we selected the six lowest levels,

3s23p2 3P0;1;2;
1D2;

1S0
� �

and 3s3p3 5So2
� �

of Pþ for
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computation of the photoionization cross sections. We 17
excited levels of the core, presented in Table 1, included in
the wave function expansion can give rise to resonances.

We compare the experimentally observed features of
Pþ photoionization with the theoretical predictions in
Fig. 2. For identification of features we plot the theoretical
σPI of each of the six lower levels in panels (b)–(g), panel
(a) presents the experimental results. The ionization
threshold for the ground state 3P is indicated by notation
‘T’ in panels (a) and panels (d)–(f).

A number of common features between the experiment
and predicted cross sections can be identified in Fig. 2. To
compare, we have selected some features, numbered from
1 to 9, in the measured spectrum (a) and show their cor-
responding feature in the individual theoretical σPI in
panels (b)–(g) of Fig. 2.

Photoionization of fine structure levels 3p2 3P0;1;2;
�

1D2;
1S

�
of the ground configuration of Pþ in panels

(b)–(f) in Fig. 2 show characteristic features, such as, a
narrow resonance at threshold T and a prominent broad
resonant structure beyond it. Electron–ion recombination,
which is the inverse process of photoionzation, increases
with increase of the latter. Hence these high peak reso-
nances indicate higher recombination rate of Pþ particu-
larly at low temperature where contribution to recombi-
nation comes mainly from low energy, that is, near
threshold region. The broad structure is similar to that in
the photoionization of 3P ground state of Si (Fig. 1 in Nahar
and Pradhan [4]) which has the maximum similarity to Pþ

because it is isoelectronic to and the preceding element to
phosphorus in the periodic table. Calculation for Si was
carried out in non-relativistic LS coupling and did not find
the narrow resonance at the threshold. Inclusion of rela-
tivistic effect in the present work has split the ionization

energy in to three levels 3P0;1;2 via fine structure and the
couplings of fine structure channels have introduced the
important sharp resonance right at the thresholds not seen
for Si. The broad feature arises by the summed combina-
tion of autoionizing resonant states that belong to the

Rydberg series of states 3s3p2 4P
� �

νl 3S
o
; 3P

o
; 3D

o� �
con-

verging on to excited core state 3s3p2 4P
� �

and are allowed

by the ground state 3s23p2 3P
� �

.

For the low charged Pþ ion, relativistic effects included
through BPRM method, may not have significant effect on
the calculated σPI for most of the energy range. Never-
theless, the resonances often are introduced at and near
threshold region by couplings of fine structure channels
(e.g., [11,21]), not allowed in LS coupling, naturally exist as
seen in this experiment. For Pþ , they form from allowed

autoionizing fine structure channels 2p 2Po
3=2

� �
νs1=2 and

2p 2Po
3=2

� �
νd3=2;5=2 to give 3So1 ;

3Po
1 ;

3Do
1 levels. Comparison

of the present σPI of the other excited level of the ground

configuration, such as 1D2, to that of Si also shows similar
features and additional resonances at-threshold due to
couplings of fine structure channels.
Consideration of the relativistic effect has another
important effect in the resonances of the 3s3p3 5So2

� �
level.

In contrast to 3P levels, this level does not couple to the
core ground state 2P

o
. The ionization energy for the level is

1.06 Ry (14.11 eV) and its first ionized state is 3s3p2 4P
� �

,
which is approximately at an energy of 0.515 Ry (7.1 eV).
Hence σPI is not expected to show up below 21.2 eV (14.11
þ 7.1 eV) in non-relativistic LS coupling. However, in rea-
lity the state is photoionized at the ionization threshold
14.11 eV and this can only be explained by consideration of
relativistic effects as seen in panel (g). Although the
background cross section is almost zero, that is, a weak
continuum below 21.2 eV, the energy region is filled with
extensive resonances with high peaks. They are appearing
from relativistic fine structure couplings, as explained in a
similar case for C2þ [21]. The enhancement at 21.2 eV is
visible as resonant structure 3 in panel (a) of Fig. 2.

The resonances below 21.2 eV of 3s3p3 5So2
� �

level in

Fig. 2(g) are seen clearly in panel (b) of Fig. 3. The pattern
of resonances indicates quite a number of series of con-

figurations 3s3p2 4P
� �

ϵs and 3s3p2 4P
� �

ϵd where ϵ repre-

sents continuum. Through fine structure j¼2 level of 5So2 is
allowed to photoionize to J¼1,2,3 levels of even parity.
They can arise from 3 such Jπ channels of

3s3p2 4P
� �

ϵs 5P1;2;3

� �
, 9 channels of 3s3p2 4P

� �
ϵd 5P1;2;3;

�
5D1;2;3;

5F1;2;3
�

and 6 channels of 3s3p2 4P
� �

ϵd 3P1;2;
�

3D1;2;3;
3F2;3

�
. In other words the resonant complex below

21.2 eV is composed of 18 overlapping series of Rydberg
resonances. Some of the series, particularly with ϵd, are
expected to be more prominent than the others. Only
when few series are present it is possible to identify them
spectroscopically using quantum defect analysis, what
could be used for some diagnostics, but this is unfortu-
nately not the case here.

Comparison between panel (a) and panels (b)–(g) in
Fig. 2 show that peak 3 arises from 5So2 level, peak 4 is from
1D2 level, and peak 5 from 1S0 level. Although the high
base-line of 1S is missing below threshold T of measured
spectrum, a couple of its peaks still appear to coincide with
those in panel (a). In fact, 1S0 contribution can be expected
to be low due to its small statistical weight factor (as will
be seen in the convolved spectrum in Fig. 4). Resonant
structures 6 and 7 of panel (a) in Fig. 2 can have combined
origination from a number of levels, such as, 3P0;1;2, and
additional level 1S for peak 7. Similarly peak 8 arises from
3P0;1;2 and 1D.

However, resonant structure labeled as 9 in the
observed spectrum is more prominent than the weaker
resonances appearing at the same energy position in cal-

culated σPI of 3P0;1;2 and
1S . Hence, this particular structure

9 may have contribution from an additional unaccounted
excited state of Pþ . It may belong to a long living state,

such as, 3s23p2P
o
3d 3F

o� �
. The time of flight of 6 keV Pþ

ions for the 4.9 m distance from the ECR ion source to the
center of the interaction region is 25 μs. It may be that
peak labeled as 5 at 23.78 eV could be a replica of peak
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labeled as 9 at 47.58 eV caused by second order radiation
in the photon beam. Except this, comparison gives clear
evidence of dominant contributions to the cross section

from six low lying levels of Pþ : 3s23p2 3P0;1;2;
1D2;

1S0
� �

and 3s3p3 5So2
� �

.

Calculated cross sections show more resonances than
the measurement. These resonances are quenched by the
physical conditions in the experiment, such as, population
of one state can be higher than others, spectral width of
the photon beam etc.

For the purpose of verification and because of its rele-
vance, the threshold region was remeasured in an inde-
pendent experimental campaign with the same apparatus
by means of spectroscopic ion-yield but with a slightly
higher photon energy resolution of 20 meV. The measured
threshold-spectrum is shown in panel (a) of Fig. 3. Also, an
independent gas-cell energy calibration was carried out.
The lower panels (b)–(f) in Fig. 3 show, in more detail, σPI
contributions of the five levels from the present ab initio
R-matrix calculations (scales in the plot are chosen for the
best illustration of features). It is easier to distinguish some
structures than in Fig. 2. Features denoted by 1, 2, 3 and T
in (a) are pointed by arrows along the panels to identify
with those in calculated BPRM σPI for the ground

3s23p2 3P0

� �
and a few low lying excited levels

3s23p2 3P1;2;
1D2

� �
and 3s3p3 5So2

� �
of Pþ . The resonant

structures at 1 and T in the experimental spectrum (panel
(a) in Fig. 3) show agreement with those at thresholds of

individual levels 3s23p2 3P0;1;2;
1D2

� �
. The structures

marked by 2 and 3 match with those of 3s23p2 3P0;1;2

� �
and 3s3p3ð5So2 Þ. The structure below 1 (panel (a) in Fig. 3)

is largely due to 3s3p3 5So2
� �

(panel b). Existence of the

same features both in experiment and theory, Figs. 2 and 3,
confirm the composition of levels in the ion beam and
hence benchmark the features with both the experiment
and BPRM theory.

Reproduction of observed structures in the present
calculations determined the existing initial states of Pþ in
the ion beam. However, measured strengths of resonant
structures depend on the photon energy resolution and on
their natural width. The background cross section depends
largely on the population of states in the ion beam. These
factors introduce differences in magnitude and in sharp-
ness in features between the experimental and theoretical
spectra. In order to produce a total spectrum of the six
levels considered for a general comparison with the
experimental spectrum, we summed the individual cross
sections statistically as

oσPI4 ¼
X
k

P
ið2Jiþ1Þσk

PIðiÞP
ið2Jiþ1Þ

" #
; ð8Þ

where sum over k is for all six levels of Pþ . Before carrying
out the sum, we convolved σPI of each level,

3s23p2 3P0;1;2;
1D2;

1S0
� �

Þ and 3s3p3 5So2
� �

, with a Gaussian

profile of width 10 meV which is narrower than the actual
experimental resolution (24 meV in Fig. 1) to avoid dis-
solution of sharp features. This retained the features spe-
cific to the levels for identification purpose. Gaussian
convolution of the calculated cross section to simulate the
spectral resolution of the experiment has been successful
in reproducing photoionization features for Cþ [21], Oþ

[7] and Oqþ with q¼2,3,4 [22].
The convolved cross sections of the six levels and the

statistical sum of them are presented and compared with
experiment in Fig. 4. While the total σPI, panels (a) and (b),
are plotted with the same scale, the individual ones –

panels (c)–(h) – have different scales to show their fea-
tures. A number of features (pointed by arrows and
denoted by T, 1–6) of Fig. 2 have been arbitrarily selected
to illustrate the effect of the convolution and the statistical
sum. We note that the convolution has shrank the reso-
nances of each level significantly and dissolved a good
fraction of them. The exception is the predicted broad
feature in σPI in the threshold region beyond T which is
much higher than the measured value which was raised
some by after application of the correction fc. Comparison
of the total spectra in panels (a) and (b) in Fig. 4 show that
while some features have remained, the statistical sum-
mation has also dissipated, to different extents, a number
of resonances. For example, the threshold rise in 1S is
significantly diminished. This could be expected due to
low statistical weight factor. The differences can be
explained with several reasons. The calculated resonances
are narrow due to fine structure splitting and hence can be
reduced during averaging. Some effect can also be from
the spectral resolution, as described in the experiment
section. The experimental spectra consist of quantum
contributions from the ground as well as from low lying
states convoluted by the spectral resolution of the
experiment.

Previous experimental evidence in C-like ions [22]
shows that populations of the 5So2 excited level are one
order of magnitude below the population given by Eq. (8)
which is likely to overestimate its actual population.
However, as stated before, the goal of the present work is
to prove the present first-principles derived theoretical
approach.

The background cross section of measured spectrum is
higher than the predicted spectrum from statistical sum.
Percentage of population of the states in the ion beam can
change background as found, such as for O þ photioniza-
tion [7]. Metastable initial states in the Pþ ion beam are, at
least in principle, produced by collisions with energetic
electrons in the ECR ion source. In addition to collisions
with electrons, secondary resonant collisions with the
residual gas may quench [23,24] with unknown effi-
ciencies, some of the electronic excitation. In general,
processes inside the ion source generate an undetermined
amount of metastable component in the ion beam. Hence,
trials with arbitrary percentages of populated states may
eventually result in a combined theoretical spectrum that
will agree better with the measured spectrum. For less
complex systems such as Cþ [21], where Rydberg series of
resonances do not overlap as extensively as in Pþ and
where the population fractions are known, a better
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agreement can be achieved. However, this is not the
objective of the present work. Instead, we focused on
benchmarking observed features and structure in the
photoionization spectra by comparing with theoretical
calculations.
6. Conclusions

We report a study of the single photoionization of
phosphorus cation Pþ . The study was conducted in the
photon energy range of 18 eV (68.9 nm) to 50 eV
(24.8 nm). Experiment was performed by means of the
merged beams technique and calculation was carried out
in ab initio relativistic Breit–Pauli R-matrix (BPRM)
method. The present theoretically predicted results have
been able to reproduce the main features in σPI of Pþ seen
in the experimentally measured spectrum.

The photon energy resolution for the experiment was
24 meV. We found features in the measured photoioniza-
tion spectrum that can be explained as mainly originated
from the ground state and the five lower lying excited
levels of this highly reactive element. Photoionization
cross sections (σPI) of the ground state exhibits high peak
resonances and considerably enhanced background in the
low energy region starting at the ionization threshold
(about 20 eV).

A slowly decaying background of σPI at the higher
energy region of the spectrum show the existence of
identifiable resonant features of six low lying levels. Fea-
tures, particularly at and near threshold, form due to
couplings of relativistic fine structure levels. These cou-
pling effects are not allowed in non-relativistic LS coupling
approximation that was previously used for σPI calculation
of Si. This proves importance of relativistic fine structure
effects in low energy which is typically ignored for low
charge mid-size ions.

Finally, we studied the effect of statistical addition of
the calculated cross sections of the six levels convolved
with a Gaussian function for a combined total cross sec-
tions spectrum. We note that most of the resonant features
diminished in the convolved spectrum as a consequence of
very narrow resonance structures that lay very close and
intermingle with each other. The overall cross section
intensity agreement and structures identifications show
good agreement of the theory with the experiment. Hence,
the present results should facilitate more accurate mod-
eling of Pþ for practical applications.

All photoionization data are available electronically from
NORAD-Atomic-Data (NaharOSURadiativeAtomicData) at
website: http://norad.astronomy.ohio-state.edu.
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