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Photoionization of Ne¿ using synchrotron radiation
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I. Á lvarez and C. Cisneros
Centro de Ciencias Fı´sicas, Universidad National Auto´noma de Me´xico, Apartado Postal 6-96, Cuernavaca 62131, Mexico

I. Dominguez-Lopez,† M. M. Sant’Anna,‡ and A. S. Schlachter
Advanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, MS 7-100, Berkeley, California 94720

B. M. McLaughlin§ and A. Dalgarno
Institute for Theoretical Atomic and Molecular Physics, Harvard Smithsonian Center for Astrophysics, 60 Garden Street,

Cambridge, Massachusetts 02138
~Received 10 September 2002; published 30 December 2002!

Absolute measurements of cross sections for photoionization of a statistical admixture of Ne1 in the 2P3/2
o

ground state and the2P1/2
o metastable state are reported in the energy range 40–71 eV at photon energy

resolutions ranging from 22 meV to 2 meV. The experiments were performed using synchrotron radiation from
an undulator beamline of the Advanced Light Source with a newly developed ion-photon-beam endstation. The
data are characterized by multiple Rydberg series of autoionizing resonances superimposed upon a direct
photoionization background cross section where some of the observed resonance line shapes show evidence of
interference between the direct and indirect photoionization channels. The resonance features are assigned
spectroscopically, and their energies and quantum defects are tabulated. The experimental photoionization
cross sections are in satisfactory agreement with the predictions from theoretical calculations performed in
intermediate coupling using the semirelativistic Breit-Pauli approximation with ten states. The resonances
nearest to the ionization thresholds exhibit anomalous behavior with respect to their positions and strengths due
to the presence of interloping resonances associated with higher-lying ionic states causing disruption of the
regular Rydberg spectral pattern.
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I. INTRODUCTION

Photoionization of ions is a fundamental process of i
portance in many high-temperature plasma environme
such as those occurring in stars and nebulas@1# and in
inertial-confinement fusion experiments@2#. Quantitative
measurements of photoionization of ions provide precis
data on ionic structure, and guidance to the developmen
theoretical models of multielectron interactions. In additio
the opacity databases@3–5# that are critical to the modeling
and diagnostics of hot, dense plasmas consist almost ent
of theoretical calculations performed inLS-coupling. High-
resolution absolute photoionization cross-section meas
ments are therefore necessary to benchmark such theor
data.
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Photoionization is a bound-free process that is charac
ized by a direct photoionization cross section that rises fr
zero as a step function at the ionization threshold energy
falls off monotonically with increasing photon energy,

g1Aq1→A(q11)11e2. ~1!

Superimposed upon this direct photoionization cross sec
are series of resonances occurring at discrete photon ene
corresponding to the excitation of autoionizing states,

g1Aq1→~Aq1!** →A(q11)11e2. ~2!

Interference between the indirect and direct photoionizat
channels produces characteristic Fano-Beutler line pro
for the resonances@6#, providing further insight into the elec
tronic structure of the ion and the dynamics of the photoio
ization process.

The photoionization of ions has been studied experim
tally by several techniques, whose main features, relative
vantages, and limitations have been presented in a re
topical review by West@7#. The technique of photoion-yield
spectroscopy using synchrotron radiation was pioneered
Lyon and collaborators@8# at the Daresbury synchrotron i
the U.K., and involves merging ion beams accelerated to k
energies with monochromatic, tunable beams of synchro
radiation. Photoions produced by their interaction over co
mon paths of tens of centimeters may be magnetically
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FIG. 1. Ion-photon beam~IPB! endstation installed on ALS beamline 10.0.1.2.
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electrostatically separated from the parent ion beam. The
rected ion beam and negligible momentum transfer perm
complete collection of the photoions. If the energy of the i
beam is not too high and ultrahigh vacuum conditions p
vail, the background produced by stripping collisions of t
primary ion beam with residual gas is manageable, and m
be subtracted by chopping the photon beam. Furtherm
the merged-beams technique is amenable to absolute c
section measurements@9#.

Until recently, because of the relatively low density pr
sented by a space-charge-limited ion beam (;106 cm23),
data for ions were limited mainly to singly charged alka
alkaline earth, and transition-metal ions with large photoio
ization cross sections@7#. The advent of third-generatio
synchrotron radiation sources with insertion devices has
creased the photon beam intensities available to experim
ers by nearly three orders of magnitude, making possible
study of photoionization of ions with unprecedented sensi
ity and spectral resolution. This has permitted measurem
with ions of the lighter and more astrophysically abund
elements, e.g., C1 @10#, O1 @13,12# and more recently C21

@14#, which are helping to refine theoretical descriptions
the photoionization process.

Neon, being the sixth most abundant element in the u
verse, is of considerable importance in astrophysics. The
of neon are of interest due to their role in interpreting t
observations of astronomical objects such as gaseous n
las. At ultraviolet wavelengths in the range 300–90 Å, c
responding to a photon energy range of 41–138 eV, ra
tion can photoionize the ground states of several ioniza
stages of neon such as Ne1, Ne21, Ne31, and Ne41, leaving
the residual ion in one of several excited states. These ion
neon, together with those of carbon (C21, C31, C41), nitro-
gen (N21, N31, N41), and oxygen (O21, O31, O41) con-
tribute to the opacity in the atmospheres of the central s
of planetary nebulas@15,16#. In this paper, both high-
resolution absolute measurements and theoretical calc
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tions are presented for photoionization of Ne1 at photon en-
ergies ranging from the photoionization threshold to 70 e

II. EXPERIMENT

The experiments were conducted at undulator beam
10.0.1.2 of the Advanced Light Source~ALS! at Lawrence
Berkeley National Laboratory. An ion-photon-beam~IPB!
endstation was developed at the University of Nevada, R
based on the merged-beams technique and photoion s
troscopy using tunable synchrotron radiation. Initial me
surements of photoionization of O1 ions @13# and C21 ions
@14# using the IPB endstation have already been repo
briefly. The experimental method, which will be described
more detail here, is similar to that pioneered by Lyonet al.
@8# and applied more recently by Kjeldsenet al. @10# and
Ouraet al. @11#. A schematic diagram of the IPB endstatio
is presented in Fig. 1.

A. Photon beam

The photon beam was produced by a 10-cm period un
lator installed in the 1.9 GeV electron storage ring to se
ALS Beamline 10.0.1. A grazing-incidence spherical-grati
monochromator delivered a highly collimated photon be
of spatial width less than 1 mm and divergence less t
0.5°. The beamline produces a photon flux of 531012 pho-
tons per second in a bandwidth of 0.01% at an energy o
eV. Three gratings cover the energy range 17–340 eV. S
tral resolving powersE/DE as high as 40 000 are availab
at reduced photon flux. All measurements with Ne1 were
carried out with a gold-surfaced spherical grating ruled
380 lines/mm. The photon energy was scanned by rota
the grating and translating the exit slit of the monochroma
while simultaneously adjusting the undulator gap to ma
mize the beam intensity. The spectral resolution was pre
lected by adjusting the entrance and exit slits of the mo
0-2
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chromator. The photon flux was measured by an absolu
calibrated silicon x-ray photodiode, and was typica
(2 –3)31013 photons/second at a nominal spectral resolv
power of 2000. The analog output from a precision curr
meter was directed to a voltage-to-frequency conver
which provided a normalization signal to the person
computer-based data acquisition system. The photon b
was mechanically chopped at 0.5 Hz using a stepping-m
controlled paddle to separate photoions from backgro
produced by stripping of the parent ion beam on residual
in the ultrahigh vacuum system. The photon energy sc
was calibrated using measurements@13# of the well-known
O1 ground-state (4S) and metastable-state (2P and 2D) en-
ergy thresholds, allowing for the Doppler shift due to the i
motion in the laboratory frame. The absolute uncertainty
the photon energy scale is estimated to be65 meV.

B. Ion beam
20Ne1 ions were produced by the Cuernavaca Ion G

Apparatus~CIGA! in a hot-filament, low-pressure discharg
type ion source, and accelerated to an energy of 6 keV.
ion beam was focused by a series of cylindrical electrost
einzel lenses. A Ne1 beam was selected by a 60° analyzi
magnet with a mass resolution of 100. The ion beam tra
tory and its cross-sectional area were defined by adjust
horizontal and vertical beam slits located downstream of
analyzing magnet. The collimated Ne1 beam was typically a
few mm in diameter, with a current in the range 50–200 n
Three stages of differential pumping with turbomolecu
pumps and a cryopump assured a downstream vacuum i
10210 Torr range.

C. Merger and beam interaction region

A pair of 90° spherical-sector bending plates merged
ion beam onto the axis of the counterpropagating pho
beam. Finetuning of the overlap of the beams was achie
with two sets of mutually perpendicular electrostatic steer
plates mounted immediately before the merger plates. A
lindrical einzel lens focused the beam in the center of
interaction region, which consisted of an isolated stainle
steel-mesh cylinder to which an electrical potential~typically
12 kV) was applied, thereby energy labeling photoions p
duced in this region. Series of entrance and exit apertu
accurately defined the effective length~29.4 cm! of the inter-
action region. Two-dimensional intensity distributions
both beams were measured by commercial rotating-w
beam profile monitors installed just upstream and dow
stream of the interaction region, and by a translating-
scanner located in the middle of the region. The pro
monitors permitted the positions and spatial profiles of
two beams to be continuously monitored on an oscillosc
while tuning the beams. Two 500 l/s mag-ion pumps assu
ultrahigh vacuum conditions in this region when the pho
and ion beams were present.

D. Demerger and ion charge analyzer

A 45° dipole analyzing magnet located downstream of
interaction region separated the Ne21 products from the par-
06271
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ent Ne1 beam, which was collected in an extended Farad
cup. The magnetic field was set such that the Ne21 product
ions passed through an aperture in the back of the Fara
cup. A spherical 90° electrostatic deflector directed th
onto a stainless steel plate biased at2550 V, from which
secondary electrons were accelerated and detected
microsphere-plate electron multiplier used in a puls
counting mode. The deflection planes of the demerger m
net and this spherical deflector were orthogonal, permitt
the Ne21 products to be swept across the detector in mu
ally perpendicular directions, providing a diagnostic of th
complete collection. To this end, a cylindrical einzel le
located downstream of the interaction region provided a f
ther diagnostic, but was found to be unnecessary and
turned off during the measurements. The absolute efficie
of the photoion detector was calibrated using an averag
subfemtoampere meter to record the photoion current, wh
was compared with the measured photoion count rate.
Ne1 ion beam current was measured by a precision cur
meter, whose analog output was directed to a voltage
frequency converter, providing a normalization signal to t
data acquisition system.

III. THEORY

Previous photoionization cross-section calculations
singly charged neon have been carried out only within
confines ofLS coupling @16–18#. In order to assist the ex
perimental endeavour in locating and concentrating hi
resolution measurements in specific energy regions cont
ing resonances, photoionization cross-section calculat
were initially performed for this complex inLS-coupling us-
ing theR-matrix method@19#. With this approach, one opti
mizes beam time, since coarse energy scans may be ca
out in resonance-free regions, allowing for the concentrat
of energy scans at high resolution in regions where de
resonance structure is located. This approach enable
wealth of prominent Rydberg series of resonances to be
perimentally located and analyzed with high energy reso
tion. In the theoretical work then52 states of Ne21,
namely; 1s22s22p4 3P,1D,1S, 1s22s2p5 1,3Po, and
1s22p6 1S were included. Direct comparison of initialLS
coupling results for the photoionization cross section w
experiment indicated the presence of additional Rydberg
ries of resonances in the experimental spectral scans, d
onstrating that this level of approximation was inadequate
more accurate description required the incorporation of re
tivistic effects into the theoretical work. This was furth
illustrated by the doublet nature of the peaks in the spec
scans for the photoion yield where the separation betw
them is similar to that of the fine-structre splitting of th
Ne1 1s22s22p5 2P3/2,1/2

o levels.
Photoionization cross-section calculations for this i

were then extended to incorporate relativistic effects and p
formed in intermediate coupling, within the confines of t
semirelativistic Breit-Pauli approximation. In the semirel
tivistic R-matrix calculations the same six stat
1s22s22p4 3P, 1D, 1S, 1s22s2p5 1,3Po, and 1s22p6 1S, of
the Ne21 ion core were employed that were retained in t
0-3
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close-coupling expansions. For the Ne21 product ion the or-
bital basis set was limited ton53 in constructing the multi-
configuration interaction wave functions used to describe
six target LS states in the calculations. The Breit-Pau
R-matrix approach was then used to calculate the ten (LSJ)
ion state energies of Ne21 arising from these sixLS states,
and the photoionization cross sections determined for b
the 2P3/2

o ground and the metastable2P1/2
o initial states of the

Ne1 ion.
The photoionization cross sections for both of the init

states were determined in intermediate coupling (LSJ) using
the InternationalR-Matrix/Opacity, Iron Project, and RmaX
Project programs@20–22# with the scattering wave function
generated by allowing for double electron promotions out
the base 1s22s22p5 configuration of Ne1 into the orbital set
employed. All the scattering calculations were perform
with twenty continuum basis functions and a boundary
dius of 11.8 bohrs. In the case of the2P3/2

o initial ground
state, the dipole selection rule requires the dipole transi
matrices 3/2o→1/2e,3/2e,5/2e, to be calculated, whereas fo
the metastable2P1/2

o inital state, the dipole matrices for th
transitions, 1/2o→1/2e,3/2e, only are required. The Hamil
tonian matrices for the 1/2o, 3/2o, 5/2e, 3/2e and 1/2e sym-
metries were then calculated, where the entire range ofLS
matrices that contribute to theseJp symmetries was used
For both the2P3/2

o ground and the metastable2P1/2
o initial

states the outer region electron-ion collision problem@23,24#
was then solved using a suitably fine energy mesh of 0.
meV so that the fine resonance structure in the respec
photoionization cross sections was fully resolved.

To analyze resonances found in the theoretical cross
tions the Quigley-Berrington~QB! method @25# was used.
This approach exploits the analytical properties of theR ma-
trix to obtain the energy derivative of the reactance (K ) ma-
trix and has previously proved successful in locating re
nances found in the cross sections for multichannel elec
scattering by atomic@26# or molecular@27# systems.

IV. RESULTS

A. Absolute cross-section measurements

Absolute measurements of photoionization cross sect
were performed at a number of discrete photon ener
where there were no resonant features in the photoion-y
spectra. At each such photon energy (hn), the value of the
total absolute photoionization cross sectionspi in cm2 was
determined from experimentally measured parameters,

spi~hn!5
Rqe2v ie

I 1I gVdDE F~z!dz

, ~3!

where R is the photoion count rate (s21), q is the charge
state of the parent ion,e51.6310219 C, v i is the ion beam
velocity ~cm/s!, e is the responsivity of the photodiod
~electrons/photon!, I 1 is the ion beam current~A!, I g is the
photodiode current~A!, V is the photoion collection effi-
ciency,d is the pulse transmission fraction of the photoi
06271
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detection electronics~determined by the pulse-discriminato
setting!, D is the measured absolute photoion detection e
ciency, and the beam overlap integral*F(z)dz defines the
spatial overlap of the photon and ion beams along the c
mon interaction path in units of cm21. The propagation di-
rection of the ion beam is defined as thez axis. At each of the
three positionszi at which beam intensity profiles were me
sured, the form factorF(zi) was determined by the following
relation:

F~zi !5

E E I 1~x,y!I g~x,y!dxdy

E E I 1~x,y!dxdyE E I g~x,y!dxdy

. ~4!

Typical two-dimensional photon and ion beam spatial inte
sity profiles are shown in Fig. 2. The profiles were measu
at each of the three positionszi and form factorsF(zi) were
calculated using Eq.~4!. The beam overlap integral in Eq.~3!
was then determined by interpolation of theF(zi) to obtain
F(z), as illustrated in Fig. 3, and integrating along the leng
of the biased interaction region. Since one-dimensio
rather than two-dimensional beam intensity profiles w
measured, the approximation@28# was made thatI 1(x,y)
5I 1(x)I 1(y) and I g(x,y)5I g(x)I g(y). In Table I, operat-
ing parameters are given for the absolute cross-section m
surement at a photon energy of 45 eV. Systematic uncert
ties are presented in Table II.

Table III presents the absolute photoionization cro
section measurements along with their relative and abso
uncertainties, and the total uncertainties~their quadrature
sum! estimated at the 90% confidence level. These data
plotted in Fig. 4 with error bars representing their total u
certainties. Photon energy scans taken over the energy r

FIG. 2. Two-dimensional intensity profiles of the photon bea
~solid curves! and ion beam~dashed curves! measured at three
pointszi along the merged path of the beams. The measuremen
z1 andz3 were made with rotating-wire beam-profile monitors u
stream and downstream of the interaction region, and that atz2 with
the slit scanner in the center of the interaction region. The profi
correspond to the parameters in Table I.
0-4
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40–70 eV with a resolution of 22 meV and 4 meV steps w
normalized to these absolute measurements by fitting a p
nomial to their measured ratio as a function of energy. Th
data are presented in Fig. 4 as small circles connected
lines. A rich resonance structure is evident in these d
which was analyzed in detail. The resonance near 56.5
exhibits a markedly asymmetic profile, indicating that t
direct and indirect photoionization channels are strongly
terfering.

Figure 5 presents the measured cross section in the re
of the 2P3/2 ground-state and2P1/2 metastable-state ioniza
tion threshold energies at 40.963 eV and 40.866 eV, res
tively @29#. The ratio of the magnitudes of the two thresho
cross-section steps is 2.0660.10, consistent with a statistica

TABLE I. Values of experimental parameters for the Ne1 abso-
lute photoionization cross-section measurement at 45.0 eV.

Parameter Value~s!

Ion beam energy 6.0 keV
Ion beam current,I 1 57.0 nA
Photon energy,hn 45.0 eV
Photodiode current,I g 69.5mA
Photon flux 5.631013 photons/s
Interaction bias voltage,Vint 12.0 kV
Ion interaction velocity,v i 1.963107 cm/s
Ne21 signal rate,R 259 s21

Ne21 background rate 50 s21

Form factors:F(z1),F(z2),F(z3) 9.24, 10.92, 9.14 cm22

Photodiode responsivity,e 7.81 electrons/photon
Merge-path length,L 29.4 cm
Pulse transmission fraction,d 0.74
Photoion collection efficiency,V 1.00
Photoion detection efficiency,D 0.215
Cross section,s 6.96310218 cm2

FIG. 3. Interpolation of measured form factors to character
the spatial overlap of the photon and ion beams in the interac
region. The form factors correspond to beam-profile measurem
in Fig. 2.
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population of ground- and metastable-state ions in the
mary ion beam. The present measurements are therefore
sidered to correspond to a sum of the ground-state cross
tion multiplied by 2/3 and the metastable-state cross sec
multiplied by 1/3. The presence of the metastable compon
adds complexity to the observed resonance structure an
its interpretation. The small offset of the measured cross s
tion from zero below the2P1/2 threshold is attributed to the
presence of higher-order radiation, which is estimated
comprise 6% of the total photon flux in this energy regio

B. Resonance structure

Previous photoionization measurements by Caldwell a
co-workers@30,31# on atomic fluorine, which is isoelectroni
to Ne1, are relevant to the interpretation of the resonan

FIG. 4. Absolute cross-section measurements for photoion
tion of Ne1 ~triangles with error bars!, to which a broad photon
energy scan taken at a resolution of 22 meV and step of 4 meV
been normalized~open circles joined by lines!. Three Rydberg se-
ries of resonances converging to excited states of Ne21 are identi-
fied. The inset shows the low-energy region on an expanded en
scale.

e
n
ts

TABLE II. Systematic uncertainties in absolute cross-sect
measurements estimated at 90% confidence level.

Source
Relative

~%!
Absolute

~%!
Total
~%!

Counting statistics 2 2
Photoion detector efficiency 5 5
Photoion collection efficiency 2 2 3
Pulse counting efficiency 3 3
Primary ion collection efficiency 2 2
Ion current measurement 2 2
Photodiode responsivity 3 6 7
Photodiode current measurement 2 2 3
Beam profile measurement 3 7 8
Beam overlap integral 10 7 12
Interaction length 2 2
Quadrature sum 11 14 18
0-5
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TABLE III. Measured values of the total absolute cross sections for photoionization of Ne1.

Energy~eV! Cross section Relative uncertainty Absolute uncertainty Total uncerta
(10218 cm2) (10218 cm2) (10218 cm2) (10218 cm2)

41.2 4.45 0.50 0.65 0.82
45.0 6.96 0.78 1.01 1.27
50.0 6.67 0.75 0.97 1.22
52.5 6.76 0.76 0.98 1.24
59.5 6.44 0.72 0.93 1.18
62.0 5.48 0.61 0.79 1.00
67.5 5.69 0.64 0.83 1.04
70.0 5.23 0.59 0.76 0.96
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structure in the present experiment. They employed ph
electron spectrometry to map out the autoionizing resonan
above the photoionization threshold. In the Ne1 measure-
ments, resonance structure approximately 0.5 eV above
photoionization thresholds is evident in Fig. 4, and hig
lighted in the inset. Because of the dense resonance struc
this energy region was studied at an increased photon en
resolution of 11 meV. These data are presented in Fig
along with the theory and the assignments of the obser
features. Except for a downward energy shift of 70 meV
the pair of 2s22p4(1D2)6l resonances from the metastab
and ground states, and an apparent underestimation o
relative strength of the 2s22p4(1S0)4l resonances, the
theory reproduces the measurements rather well. The lev
agreement is encouraging, considering that resonances
three different electron core configurations occur within
energy span of less than 0.5 eV.

The 2s22p4(1D2)ns,nd resonances due to indirect phot
ionization from the2P3/2

o ground state of Ne1 converge to a
series limit at 44.167 eV@32#, while those from the2P1/2

o

FIG. 5. Photoionization measurements at 22 meV resolutio
the energy region of the2P3/2 ground-state and2P1/2 metastable-
state ionization thresholds of Ne1 at 40.963 eV and 40.866 eV
respectively. The small, nonzero cross section at energies b
both thresholds is attributed to higher-order radiation in the pho
beam.
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metastable state have their limit at 44.070 eV. Figure 7 sh
a comparison with theory of the high-n portions of these two
Rydberg series measured at a higher photon energy res
tion of 7.5 meV. Thens andnd components are not resolve
by the experiment or the calculation. Although several of
higher-n resonances arising from the metastable and gro
states of Ne1 overlap in energy, most members of these
terleaved Rydberg series are assignable for principal qu
tum numbersn<25.

Evident in Fig. 4 are series of resonances converging
limit of 47.875 eV from the ground state, and to 47.778
from the metastable state of Ne1. Based on the analysis o
Caldwell and Krause@30# for F, these narrow resonances a
attributed to the 2s22p4(1S0)nd Rydberg series. The signa
ture of the 2s22p4(1S0)ns Rydberg series in the measur
ments on F was a series of broad window resonances
were clearly evident in their data. Broad window resonan
may be responsible for the apparent structure in the N1

continuum cross section in the 44–48 eV energy range.
assignment of such broad features is complicated by the

in

w
n

FIG. 6. Comparison of photoion yield measurements just ab
the Ne1 photoionization threshold taken at an increased pho
energy resolution of 11 meV with the theory. The latter has be
convoluted with a Gaussian of 11 meV to simulate the experime
resolution. Members of seven Rydberg series of resonances o
nating from the metastable and ground states of Ne1 are assigned.
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mixture of metastable and ground-state ions, and was un
cessful. Because of the uncertainty in assignment, this R
berg series is designated hereafter by 2s22p4(1S0)ns,nd.

The 2s2p5(3P2)np Rydberg series of broad resonanc
from the ground state converging to a limit of 66.292 eV
also observable in the data of Fig. 4. In this case, the m
stable and ground-state components are unresolved, with
exception of the resonances attributed to 2s2p6 between
41.8 and 42.0 eV in the scan at 11 meV resolution shown
Fig. 6. A resonance at 66.74 eV, attributed to t
2s2p5(1P)ns,nd series, occurs just above the3P2 series
limit.

The energies of the observed resonances, their ass
ments, and their calculated quantum defects are present
Table IV. The quantum defects are based on Ry(Ne1)
513.6053 eV322 and the known series limits obtaine
from tabulated Ne21 energy levels@29#. The quantum de-
fects for the 2s22p4(1S0)ns,nd series are uniformly close to
unity, consistent with an assignment ofns. However, as
noted, Caldwellet al. @31# assign the the corresponding s
ries of sharp resonances in photoionization of F asnd.

An interesting feature of these data is the nearly mo
tonic decrease of the quantum defects for
2s22p4(1D2)ns,nd series from both the ground-state a
the metastable state of Ne1. These two series of narrow
resonances are the best characterized experimentally, an
compass the broadest range ofn values. One might suspect
systematic error in the photon energy calibration, were it
for the fact that the two 2s22p4(1S0)nd series overlap the
same energy range and exhibit stable quantum defects.
signment of the series limit might also be suspect, but a fi
the observed resonance energies as a function ofn with the
series limit as a free parameter gives a value of 44.
60.005 eV, compared to the spectroscopic reference v
of 44.167 eV@29#.

FIG. 7. Comparison of normalized Ne1 photoionization mea-
surements~points! taken at an energy resolution of 7.5 meV wi
the Breit-PauliR-matrix theoretical calculation, convoluted with
Gaussian energy distribution of the same width~dotted curve!. As-
signments are indicated for two distinct Rydberg series of re
nances due to 2p→ns,nd excitation from the metastable an
ground states.
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Another interesting question concerns the assignmen
the 2s22p4(3D)6s,6d and 2s22p4(1S)4s,4d resonances tha
are within 0.2 eV of one another. Their assignments indica
in Table IV and Fig. 6 give quantum defects that are inco
sistent with the higher-n members of these series, as show
in Fig. 8 for the 2s22p4(3D)ns,nd series. However, their
resonance strengths compare as expected to higher-n mem-
bers of the series. Exchanging the 2s22p4(3D)6s,6d and
2s22p4(1S)4d assignments makes their quantum defe
more consistent, but their resonance strengths bec
anomalous. Because of this apparent inconsistency, thei
signments are uncertain and are quoted in parenthese
Table IV.

C. Resonance line shapes and widths

The properties of two observed resonance features
correspond only to photoionization of ground-state N1

were studied in more detail by recording them at increas
photon energy resolution and fitting the measured line sh
to a modified Fano-Beutler profile@6# of the form

s5s0H 12r21r2
~q1e!2

11e2 J , ~5!

wheres0 is the part of the photoionization cross section th
corresponds to transitions to continuum states that do
interact with the discrete autoionizing state,r andq are nu-
merical line profile indices, ande52(hn2E0)/G, wherehn
is the photon energy,E0 is the resonance energy, andG is its
full energy width at half maximum~FWHM!. A typical fit of
Eq. ~5! to the 2s22p4(1D2)6l experimental resonance i
shown in Fig. 9. The slight departure of the measured l
shape from the Fano-Beutler profile is attributed to the infl
ence of nearby resonances.

Figure 10 shows the results of similar fits to then56
~triangles! and n510 ~circles! members of the
2s22p4(1D2)ns,nd Rydberg series plotted versus the nom
nal photon energy resolution set by the entrance and exit
of the monochromator. The dotted line is a linear fit of t
threen56 data points at highest resolution, and indicate
natural linewidth of 5.160.3 meV. For then510 resonance,
the linewidth estimated from a linear fit to the data is 2
(10.7,20.2) meV. Included in Fig. 10 are the theoretic
results for the natural linewidths of the same resonances
the QB method@25–27#. The theoretical values of 4.74 me
for n56 and 2.28 meV forn510 are consistent with the
measurements.

D. Comparison between absolute cross-section measurement
and theory

The absolute photoionization cross-section measurem
taken at an energy resolution of 22 meV are compared in
11 with the results of theab initio Breit-PauliR-matrix the-
oretical calculation. The calculation represents a sum of
cross sections for photoionization from the ground and me
stable states weighted by their statistical weights~2/3 and
1/3, respectively!. A Gaussian of 22 meV FWHM was con

-
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TABLE IV. Principal quantum numbersn, resonance energies, and quantum defectsd determined from the measurements. The unc
tainties in the experimental energies are estimated to be60.005 eV for the 2s22p4(1D2)ns,nd and 2s22p4(1S0)ns,nd series, and
60.010 eV for the 2s2p5(3P2)np series. The spectral assignments are uncertain for entries in parentheses. Entries in square bra
tabulated values for transitions to bound states@29#.

Rydberg series Rydberg series Rydberg series
2s22p4(1D2)ns,nd 2s22p4(1S0)ns,nd 2s2p5(3P2)np

Initial state n Energy~eV! d Energy~eV! d Energy~eV! d

2s22p5 2P3/2 2 41.943 0.50
3 @37.969#3d @34.304#3s 56.490 0.64
4 ~41.852! ~0.99! 61.515 0.62
5 44.383 1.05 63.459 0.62
6 ~41.650! ~1.35! 45.650 1.05 64.420 0.61
7 42.636 1.04 46.335 1.06 64.956 0.62
8 43.047 1.03 46.746 1.06 65.294 0.62
9 43.311 1.03 47.014 1.05 65.520 0.60
10 43.494 1.01 47.196 1.05 65.673 0.62
11 43.627 0.96 47.326 1.04 65.786 0.63
12 43.723 0.93 47.425 1.00 65.874 0.59
13 43.796 0.89 47.499 0.97
14 43.851 0.88 47.552 1.02
15 43.896 0.83 47.595 1.06
16 43.932 0.78
17 43.963 0.67
18 43.986 0.66
19 44.007 0.56
20 44.025 0.42
21 44.041 0.22
22 44.053 0.15
23 44.063 0.12
24 44.073 20.06
25 44.080 20.01

`a 44.167 47.875 66.292
2s22p5 2P1/2 4 ~41.757! ~0.99!

5 44.287 1.05
6 ~41.554! ~1.35! 45.552 1.06
7 42.539 1.04 46.238 1.06
8 42.951 1.03 46.650 1.05
9 43.215 1.02 46.918 1.05
10 43.399 0.99 47.098 1.05
11 43.528 0.98 47.229 1.04
12
13 43.698 0.90 47.401 0.99
14 43.755 0.86 47.454 1.04
15
16 43.836 0.75
17 43.866 0.67
18
19 43.911 0.50
20
21 43.944 0.22
22
23
24 43.976 20.06

` 44.070 47.778

aFrom NIST Standard Reference Database@29#.
062710-8
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voluted with the theoretical data to simulate the experime
energy resolution. The calculated nonresonant cross se
is almost indistinguishable from the experiment in the ene
range 41–44 eV, but differs from the measurement at hig
energies. As already noted, the origin of the broad structu
in the measurements above 44 eV may be interleaved s
of 2s2p4(1S)ns window resonances similar to but broad
than those observed by Caldwellet al. @31# in photoioniza-
tion of F. The theory predicts a small resonance just ab
the Ne1 threshold that is absent in the experiment. It is no
worthy that the predicted energy of the lowest-n resonance

FIG. 9. Typical fit of a Fano-Beutler profile~solid line! to the
experimental data points~open circles! for the 2s22p4(1D2)6s,6d
resonance feature from ground-state Ne1 at a photon energy reso
lution of 11 meV. The fit indicates a linewidth of 10.7 meV.

FIG. 8. Plot of quantum defects versus principal quantum nu
ber n for the 2s22p4(1D2)ns,nd Rydberg series from the groun
state of Ne1. The solid circles correspond to the data in Table I
while the open circle forn56 corresponds to a reversal of th
assignments of the lowest-n resonances of the 2s22p4(1D2)ns,nd
and 2s22p4(1S)nd Rydberg series.
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differs from experiment by about 0.1 eV, whereas most of
higher-n resonance energies are in near-perfect agreem
The predicted energy of the 2s2p5(3P2)3p resonance fea-
ture lies above the measured value of 56.49 eV by more t
1 eV, although the complex line shapes are similar. A p
dicted sharp resonance near 69 eV is absent in the ex
mental data.

FIG. 11. Comparison of Breit-PauliR-matrix theoretical calcu-
lation ~solid line bounding shaded area! and absolute experimen
~open circles! for photoionization of Ne1. The theoretical curve has
been convoluted with a Gaussian of 22 meV FWHM to simulate
photon energy bandwidth of the experiment.

-

,

FIG. 10. Measured resonance linewidths for two members of
2s22p4(1D2)ns,nd Rydberg series from the ground state of Ne1 as
functions of the photon energy resolution. The dashed line i
linear fit to the three data points at highest resolution for then56
resonance~open triangles! and indicates a natural linewidth of 5.
60.2 meV FWHM. The width obtained theoretically~4.75 meV! is
indicated by a solid triangle. The solid line is a linear fit to the da
points for then510 resonance~open circles!, indicating a natural
linewidth of 2.3(10.7,20.2) meV FWHM. The solid circle is the
theoretical value of 2.28 meV.
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V. SUMMARY

Absolute photoionization cross sections have been m
sured for a statistical mixture of ground-state and metast
Ne1 in the photon energy range 40–71 eV with resolution
22 meV. The measurements are rich in resonance struc
due to indirect photoionization, and are in satisfactory agr
ment with anab initio Breit-Pauli R-matrix theoretical cal-
culation. Some of the resonance features were investigat
higher spectral resolution, and linewidths were determin
for two isolated resonances. Nearly all of the observed re
nance features were spectroscopically assigned, and qua
defects were determined for each. The strongest reson
features, which are closest to the ionization thresholds,
hibit anomalous behavior with respect to their strengths
energies, rendering their assignments uncertain.
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