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Absolute measurements of cross sections for photoionization of a statistical admixturé ai de 2P3,,
ground state and théP$,, 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 is a bound-free process that is character-
o . ) _ized by a direct photoionization cross section that rises from
Photoionization of ions is a fundamental process of im-zerg as a step function at the ionization threshold energy and

portance in many high-temperature plasma environmentsfa"S off monotonicallvy with increasing photon ener
such as those occurring in stars and nebliHsand in y gp 9

inertial-confinement fusion experimen{®]. Quantitative y+ ATt SAEHDY e (1)
measurements of photoionization of ions provide precision

data on ionic structure, and guidance to the development cduperimposed upon this direct photoionization cross section
theoretical models of multielectron interactions. In addition,are series of resonances occurring at discrete photon energies

the opacity databas¢8—5] that are critical to the modeling corresponding to the excitation of autoionizing states,
and diagnostics of hot, dense plasmas consist almost entirely

of theoretical calculations performed irS-coupling. High- y+ AT S (AT L A@FEDT 4o 2

resolution absolute photoionization cross-section measure-

ments are therefore necessary to benchmark such theoretidaterference between the indirect and direct photoionization

data. channels produces characteristic Fano-Beutler line profiles
for the resonancd$], providing further insight into the elec-
tronic structure of the ion and the dynamics of the photoion-
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nal Autonoma de Meico, Apartado Postal 6-96, Cuernavaca 62131, The photoionization of ions has been studied experimen-

Mexico. tally by several techniques, whose main features, relative ad-
TPresent address: Centro Nacional de Metr@lp@ueréaro, Qro.  vantages, and limitations have been presented in a recent
76900, Mexico. topical review by Wes{7]. The technique of photoion-yield
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Brazil. the U.K., and involves merging ion beams accelerated to keV
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1NN, United Kingdom. mon paths of tens of centimeters may be magnetically or
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FIG. 1. lon-photon beariPB) endstation installed on ALS beamline 10.0.1.2.

electrostatically separated from the parent ion beam. The dtions are presented for photoionization of Nat photon en-

rected ion beam and negligible momentum transfer permit @rgies ranging from the photoionization threshold to 70 eV.
complete collection of the photoions. If the energy of the ion

beam is not too high and ultrahigh vacuum conditions pre-
vail, the background produced by stripping collisions of the
primary ion beam with residual gas is manageable, and may The experiments were conducted at undulator beamline
be subtracted by chopping the photon beam. Furthermore,0.0.1.2 of the Advanced Light Sour¢aLS) at Lawrence
the merged-beams technique is amenable to absolute crogserkeley National Laboratory. An ion-photon-beai®B)
section measuremen{s]. endstation was developed at the University of Nevada, Reno
Until recently, because of the relatively low density pre-pased on the merged-beams technique and photoion spec-
sented by a space-charge-limited ion beaml(® cm™®),  troscopy using tunable synchrotron radiation. Initial mea-
data for ions were limited mainly to singly charged alkali, surements of photoionization of ‘Oions[13] and G ions
alkaline earth, and transition-metal ions with large photoion{14] using the IPB endstation have already been reported
ization cross section§7]. The advent of third-generation briefly. The experimental method, which will be described in
synchrotron radiation sources with insertion devices has inmore detail here, is similar to that pioneered by Lyairal.
creased the photon beam intensities available to experimerig] and applied more recently by Kjeldsest al. [10] and
ers by nearly three orders of magnitude, making possible theuraet al.[11]. A schematic diagram of the IPB endstation
study of photoionization of ions with unprecedented sensitivis presented in Fig. 1.
ity and spectral resolution. This has permitted measurements
with ions of the lighter and more astrophysically abundant
elements, e.g., €[10], O" [13,17 and more recently €
[14], which are helping to refine theoretical descriptions of The photon beam was produced by a 10-cm period undu-
the photoionization process. lator installed in the 1.9 GeV electron storage ring to serve
Neon, being the sixth most abundant element in the uniALS Beamline 10.0.1. A grazing-incidence spherical-grating
verse, is of considerable importance in astrophysics. The ionmonochromator delivered a highly collimated photon beam
of neon are of interest due to their role in interpreting theof spatial width less than 1 mm and divergence less than
observations of astronomical objects such as gaseous neb5°. The beamline produces a photon flux of 50'? pho-
las. At ultraviolet wavelengths in the range 300—90 A, cor-tons per second in a bandwidth of 0.01% at an energy of 40
responding to a photon energy range of 41-138 eV, radiaeV. Three gratings cover the energy range 17-340 eV. Spec-
tion can photoionize the ground states of several ionizatioftral resolving power€/AE as high as 40 000 are available
stages of neon such as NeNe&?*, Ne&**, and Né™, leaving  at reduced photon flux. All measurements with ‘Nevere
the residual ion in one of several excited states. These ions efarried out with a gold-surfaced spherical grating ruled at
neon, together with those of carbon'G C3*, C**), nitro- 380 lines/mm. The photon energy was scanned by rotating
gen (NF, N3, N*T), and oxygen (&', O, O*") con- the grating and translating the exit slit of the monochromator
tribute to the opacity in the atmospheres of the central starghile simultaneously adjusting the undulator gap to maxi-
of planetary nebulag15,16. In this paper, both high- mize the beam intensity. The spectral resolution was prese-
resolution absolute measurements and theoretical calculéected by adjusting the entrance and exit slits of the mono-

Il. EXPERIMENT

A. Photon beam
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chromator. The photon flux was measured by an absolutelgnt Ne" beam, which was collected in an extended Faraday
calibrated_silicon x-ray photodiode, and was typically cyp. The magnetic field was set such that thé Nproduct
(2-3)x 10** photons/second at a nominal spectral resolvinggns passed through an aperture in the back of the Faraday

pawer of 2000. The analog output from a precision Curremcup. A spherical 90° electrostatic deflector directed them

meter was directed to a voltage-to-frequency converter . . :
which provided a normalization signal to the personal-onto a stainless steel plate biased-#50 V, from which

computer-based data acquisition system. The photon beaﬁ?condary electrons were accel_erz_:lted and detected by a
icrosphere-plate electron multiplier used in a pulse-

was mechanically chopped at 0.5 Hz using a stepping-motdf!!¢0s _
controlled paddle to separate photoions from backgroun§eunting mode. The deflection planes of the demerger mag-
produced by stripping of the parent ion beam on residual ga8et and this spherical deflector were orthogonal, pgrmntmg
in the ultrahigh vacuum system. The photon energy scaléhe Né™ products to be swept across the detector in mutu-
was calibrated using measuremefit8] of the well-known  ally perpendicular directions, providing a diagnostic of their
O™ ground-state{S) and metastable-statéR and ?°D) en- ~ complete collection. To this end, a cylindrical einzel lens
ergy thresholds, allowing for the Doppler shift due to the ionlocated downstream of the interaction region provided a fur-
motion in the laboratory frame. The absolute uncertainty inther diagnostic, but was found to be unnecessary and was
the photon energy scale is estimated tob®& meV. turned off during the measurements. The absolute efficiency
of the photoion detector was calibrated using an averaging
subfemtoampere meter to record the photoion current, which
ont s was compared with the measured photoion count rate. The
Ne™ ions were produced by the Cuernavaca lon Gunne* jon beam current was measured by a precision current
ApparatugCIGA) in a hot-filament, low-pressure discharge- meter, whose analog output was directed to a voltage-to-

type ion source, and accelerated to an energy of 6 keV. Thgequency converter, providing a normalization signal to the
ion beam was focused by a series of cylindrical electrostatigjata acquisition system.

einzel lenses. A Ne beam was selected by a 60° analyzing

magnet with a mass resolution of 100. The ion beam trajec- IIl. THEORY

tory and its cross-sectional area were defined by adjustable

horizontal and vertical beam slits located downstream of the Previous photoionization cross-section calculations for
analyzing magnet. The collimated Néeam was typically a singly charged neon have been carried out only within the
few mm in diameter, with a current in the range 50—200 nA.confines ofL S coupling[16—18. In order to assist the ex-
Three stages of differential pumping with turbomolecularperimental endeavour in locating and concentrating high-
pumps and a cryopump assured a downstream vacuum in thliesolution measurements in specific energy regions contain-

B. lon beam

10 1° Torr range. ing resonances, photoionization cross-section calculations
were initially performed for this complex ihS-coupling us-
C. Merger and beam interaction region ing the R-matrix method 19]. With this approach, one opti-

mizes beam time, since coarse energy scans may be carried

. Abpa|r of g?o tshphen(.:al—sfe(t:I:or bendtmg plates {‘_nerge;]j ih%ut in resonance-free regions, allowing for the concentration
lon beam onto the axis of the counterpropagaling pnotolys energy scans at high resolution in regions where dense
beam. Finetuning of the overlap of the beams was achieve sonance structure is located. This approach enabled a

with two sets of mutually perpendicular electrostatic steering/vealth of prominent Rydberg series of resonances to be ex-
plate; mo_unted immediately before the merger plates. A Cy'erimentally located and analyzed with high energy resolu-
lindrical einzel lens focused the beam in the center of the; |\ the theoretical work thei=2 states of N&"

interaction region, which consisted of an isolated stalnlessﬁamely; x22s%2p* P, 1D,1S, 1s?2s2p® L¥°, and

steel-mesh cylinder to which an electrical potentigpically 1522p° S were included. Direct comparison of initialS

+2 kV). was appllgd, thergby energy labeling pho;mons pro'coupling results for the photoionization cross section with
duced in this region. Series of entrance and exit apertur

e . L. .
accurately defined the effective leng®0.4 cm of the inter- éxperlment indicated the presence of additional Rydberg se

. . . . . . TR ries of resonances in the experimental spectral scans, dem-
action region. Two-dimensional intensity C!IStrIbutlQl’lS O.f onstrating that this level of approximation was inadequate. A
goth bear?ls were mea_sureﬁl (I;Jy_ commercial rota(;mé:]-ww ore accurate description required the incorporation of rela-

eam profile monitors Instalied just upstream and downy e effects into the theoretical work. This was further

stream O;c th? Ljntgra;}non _r(tjagllon, fatr;]d by a tra_rllrs]lat'ng'fsll'tillustrated by the doublet nature of the peaks in the spectral
scanner focated In the middle of the region. The prollieg., ¢ o the photoion yield where the separation between
monitors permitted the positions and spatial profiles of th

o beams to be continuously monitored on an oscillosco Shem is similar to that of the fine-structre splitting of the
y PRie* 1s22522p5 PS, 10 levels.

while tuning the beams. Two 500 I/s mag-ion pumps assure Photoionization cross-section calculations for this ion

ultrahigh vacuum conditions in this region when the photon ; L
and ion beams were present, were then extended to incorporate relativistic effects and per-

formed in intermediate coupling, within the confines of the
semirelativistic Breit-Pauli approximation. In the semirela-
tivistic R-matrix calculations the same six states
A 45° dipole analyzing magnet located downstream of thels?2s?2p* 3P, 1D, 1S, 1s?2s2p® 1¥P°, and 1s?2p° 1S, of
interaction region separated theNeproducts from the par- the Né* ion core were employed that were retained in the

D. Demerger and ion charge analyzer
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close-coupling expansions. For the?Neproduct ion the or-
bital basis set was limited to=3 in constructing the multi-
configuration interaction wave functions used to describe the-%‘
six target LS states in the calculations. The Breit-Pauli
R-matrix approach was then used to calculate the tEBJ
ion state energies of Né arising from these six.S states,
and the photoionization cross sections determined for bott
the 2P3,, ground and the metastabf®$,, initial states of the
Ne* ion.

The photoionization cross sections for both of the initial
states were determined in intermediate coupling ) using
the InternationaR-Matrix/Opacity, Iron Project, and RmaX
Project programf20—27 with the scattering wave functions
generated by allowing for double electron promotions out of
the base $22s?2p°® configuration of Né into the orbital set bttt
employed. All the scattering calculations were performed -39 25 25 30 35
with twenty continuum basis functions and a boundary ra- Beam Dimension (cm)
dius of 11.8 bohrs. In the case of tH®3, initial ground
state, the dipole selection rule requires the dipole transitio
matrices 3/2— 1/%,6’3/2.8’5/26’ to be cglculated, vyhereas for pointsz; along the merged path of the beams. The measurements at
the mgtastabléPl,z inital state, the dlpolg matrices for the z; andzz were made with rotating-wire beam-profile monitors up-
transitions, 1/2—1/2°,3/2°, only are required. The Hamil-  siream and downstream of the interaction region, and thtith
tonian matrices for the 172 3/2°, 5/, 3/Z and 1/2 sym-  tne slit scanner in the center of the interaction region. The profiles
metries were then calculated, where the entire rangeSf correspond to the parameters in Table I.

matrices that contribute to theser symmetries was used. ] ) ] o
For both the2P, ground and the metastabf?,, initial detection electronicédetermined by the pulse-discriminator
states the outer region electron-ion collision prob[@,24 sgttmg, A is the measured absplute photoion de_tectlon effi-
was then solved using a suitably fine energy mesh of 0.136/€NCY, and the beam overlap integyidf (z)dz defines the
meV so that the fine resonance structure in the respectivePatial overlap of the photon and ion beams along the com-
photoionization cross sections was fully resolved. mon interaction path in units of cnt. The propagation di-
To analyze resonances found in the theoretical cross sef€ction of the ion beam is defined as thexis. At each of the
tions the Quigley-BerringtofQB) method[25] was used. three positiong; at which beam |ntens!ty profiles were mea-
This approach exploits the analytical properties of haa- sureq, the form factdf(z) was determined by the following
trix to obtain the energy derivative of the reactantg fna-  "efation:
trix and has previously proved successful in locating reso-

Photon or lon Beam Inten:

FIG. 2. Two-dimensional intensity profiles of the photon beam
I?solid curve$ and ion beam(dashed curvgsmeasured at three

nances found in the cross sections for multichannel electron J J 17 (x,y)17(x,y)dxdy
scattering by atomi€26] or molecular{27] systems. F(z)= .
j f I*(x,y)dxdyJ J [7(x,y)dxdy
IV. RESULTS
A. Absolute cross-section measurements Typical two-dimensional photon and ion beam spatial inten-

sity profiles are shown in Fig. 2. The profiles were measured

Absolute measurements of photoionization cross sectionét each of the three positiomsand form factors=(z,) were
were performed at a number of discrete photon energie '

. N ’"=talculated using Ed4). The beam overlap integral in E
where there were no resonant features in the photoion-yiel g Ed4) D g il

as then determined by interpolation of théz,) to obtain
spectra. At each sugh |_oh0.ton energyy, Fhe yalue of the F(2), as illustrated in Fig. 3, and integrating along the length
total absolute photoionization cross sectiog) in cn? was

d ined f ) I d of the biased interaction region. Since one-dimensional
etermined from experimentally measured parameters, aher than two-dimensional beam intensity profiles were

Rqe e measured, the approximatid28] was made that " (x,y)
| , 3) _zl*(x)l*(y) and17(x,y)=17(x)1"(y). In Table I, operat-

1170 MJ’ F(2)dz ing parameters are given for the absolute cross-section mea-
surement at a photon energy of 45 eV. Systematic uncertain-
ties are presented in Table II.

whereR is the photoion count rate ($), q is the charge Table 1l presents the absolute photoionization cross-

state of the parent iore=1.6x10"'° C, v; is the ion beam  section measurements along with their relative and absolute

velocity (cm/s, € is the responsivity of the photodiode uncertainties, and the total uncertaintiéheir quadrature

(electrons/photon 1 * is the ion beam currerfd), | ¥ is the  sum) estimated at the 90% confidence level. These data are

photodiode currentA), Q is the photoion collection effi- plotted in Fig. 4 with error bars representing their total un-

ciency, é is the pulse transmission fraction of the photoioncertainties. Photon energy scans taken over the energy range

opi(hv)=

062710-4
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— r - r - 1 T 1 1 TABLE Il. Systematic uncertainties in absolute cross-section
124 4 measurements estimated at 90% confidence level.
Relative Absolute Total
a,T; 11 . Source (%) (%) (%)
S Counting statistics 2 2
"':_ 10 i Photoion detector efficiency 5 5
..8 - - Photoion collection efficiency 2 2 3
8 Interaction Region Pulse counting efficiency 3 3
§ 9 T Primary ion collection efficiency 2 2
2 ®  Form Factor Measurement ! lon current measurement 2 2
8 — Polynomial Fit | Photodiode responsivity 3 6 7
z, Z, zZ, Photodiode current measurement 2 2 3
— 7 1T T T 7T 1 Beam profile measurement 3 7 8
0 10 20 30 40 50 60 Beam overlap integral 10 7 12
Position z along merged path (cm) Interaction length 2 2
Quadrature sum 11 14 18

FIG. 3. Interpolation of measured form factors to characterize
the spatial overlap of the photon and ion beams in the interaction

region. The form factors correspond to beam-profile measuremenﬁopmation of ground- and metastable-state ions in the pri-

in Fig. 2. mary ion beam. The present measurements are therefore con-

, , sidered to correspond to a sum of the ground-state cross sec-
40-70 eV with a resolution of 22 meV and 4 meV steps werg;on myltiplied by 2/3 and the metastable-state cross section

normalized to these absolute measurements by fitting a polyqitiplied by 1/3. The presence of the metastable component
nomial to their measured ratio as a function of energy. Thesgys complexity to the observed resonance structure and to
data are presented in Fig. 4 as small circles connected By interpretation. The small offset of the measured cross sec-
lines. A rich resonance structure is evident in these datdiyn from zero below theP,, threshold is attributed to the

which was analyzed in detail. The resonance near 56.5 €§asance of higher-order radiation, which is estimated to

exhibits a markedly asymmetic profile, indicating that theqqnrise 69 of the total photon flux in this energy region.
direct and indirect photoionization channels are strongly in-

terfering.

Figure 5 presents the measured cross section in the region
of the 2Py, ground-state andP,,, metastable-state ioniza- Previous photoionization measurements by Caldwell and
tion threshold energies at 40.963 eV and 40.866 eV, respeco-workerg 30,31 on atomic fluorine, which is isoelectronic
tively [29]. The ratio of the magnitudes of the two thresholdto Ne*, are relevant to the interpretation of the resonance
cross-section steps is 286.10, consistent with a statistical

B. Resonance structure

) g ."Thlul'zlﬂé"'ﬁ'ul I R "' o F
TABLE I. Values of experimental parameters for the ‘Nabso- § 50 F s 200N g0 LT D 19
lute photoionization cross-section measurement at 45.0 eV. : b 401 ]
_9 40 [ 304 ]
Parameter Value) § 20,
[ 0] ]
lon beam energy 6.0 keV @ =0 F ol ]
lon beam current, ™ 57.0 nA 5 o5 [ " 2 = p 3 ]
Photon energyhv 45.0 eV 5 1
Photodiode current,” 69.5 uA s 10 3 ]
Photon flux 5.6 10'% photons/s 3 [ %
Interaction bias voltagein +2.0 kV -g ol
Io;interaction velocityp; 1.96x 10 fm/s E ::;I 25°2p°(Synl |11 imzszecen]
Ne*™ signal rate R 259 s o N S H A S S
40 45 50 &85 60 65 70
Ne?* background rate 50 ¢
Form factorsF (z,),F(2,),F(2s) 9.24, 10.92, 9.14 ci? Photon Energy (eV)
Photodiode responsivity, 7.81 electrons/photon FIG. 4. Absolute cross-section measurements for photoioniza-
Merge-path IgngthL. _ 29.4 cm tion of Ne® (triangles with error bajs to which a broad photon
Pulse transmission fractio®, 0.74 energy scan taken at a resolution of 22 meV and step of 4 meV has
Photoion collection efficiency() 1.00 been normalizedopen circles joined by lingsThree Rydberg se-
Photoion detection efficiency 0.215 ries of resonances converging to excited states 6f' Nee identi-
Cross sectiong 6.96x 10 18 cn? fied. The inset shows the low-energy region on an expanded energy

scale.
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TABLE IIl. Measured values of the total absolute cross sections for photoionization ‘af Ne

Energy(eV) Cross section Relative uncertainty Absolute uncertainty Total uncertainty
(108 cn?) (108 cnr?) (1078 cn?) (10718 cn?)
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

structure in the present experiment. They employed photometastable state have their limit at 44.070 eV. Figure 7 shows
electron spectrometry to map out the autoionizing resonancescomparison with theory of the highportions of these two
above the photoionization threshold. In the ‘Nmeasure- Rydberg series measured at a higher photon energy resolu-
ments, resonance structure approximately 0.5 eV above thgn of 7.5 meV. Thens andnd components are not resolved
photoionization thresholds is evident in Fig. 4, and high-py the experiment or the calculation. Although several of the
lighted in the inset. Because of the dense resonance structutighern resonances arising from the metastable and ground
this energy region was studied at an increased photon energyates of Né overlap in energy, most members of these in-
resolution of 11 meV. These data are presented in Fig. @erleaved Rydberg series are assignable for principal quan-
along with the theory and the assignments of the observeflim numbersi<25.
features. Except for a downward energy shift of 70 meV for  Evident in Fig. 4 are series of resonances converging to a
the pair of Z?2p*(*D,)6l resonances from the metastable limit of 47.875 eV from the ground state, and to 47.778 eV
and ground states, and an apparent underestimation of thg&m the metastable state of NeBased on the analysis of
relative strength of the #2p*('Sy)4l resonances, the Caldwell and Kraus€30] for F, these narrow resonances are
theory reproduces the measurements rather well. The level eftributed to the 822p*(*Sy)nd Rydberg series. The signa-
agreement is encouraging, considering that resonances frofiire of the 222p*(*S,)ns Rydberg series in the measure-
three different electron core configurations occur within anments on F was a series of broad window resonances that
energy span of less than 0.5 eV. were clearly evident in their data. Broad window resonances
The 2°2p*(*D,)ns,nd resonances due to indirect photo- may be responsible for the apparent structure in thé Ne
ionization from the?P$;, ground state of N& converge to a  continuum cross section in the 44—48 eV energy range. The
series limit at 44.167 e\32], while those from the’P{,  assignment of such broad features is complicated by the ad-

5 L T L L prereereEy e [TTTTTTTTTITTTIITTITITITIT I T I IT I T I T I I TITT I I T[T T ITTITIT T TITTITITITTTITTITTTT
E T T L T T T T
~ %ﬁg , S5 mEmrimey 4
< p F T EE g | t '
s 41 w1 i S 10- I LM -
g | ) 2 ; noH
2 I & L S L 1
” 34 E 5 1N \..._} WA W
o g WA
m Z ) ) L ) ) ) T
o
O el I"(l1.|:.)lié;l[.2i:.;r;j."l ......... T e e RAAARIRL:
= 804 ]
S . | eare,) (Theory]
2 = 60 1 P20 P, -
.g -§ 40 (s re,) 1 ]
— /7] b i
S » 20- (SpLP,]
S 3"
o T T T T o o9 S S SRR SRR S SRR S -
40.7 408 409 410 41.1 #.2 414 M5 416 M7 A8 419 420 421 422
Photon Energy (eV) Photon Energy (eV)

FIG. 5. Photoionization measurements at 22 meV resolution in  FIG. 6. Comparison of photoion yield measurements just above
the energy region of théP, ground-state andP,,, metastable- the Ne" photoionization threshold taken at an increased photon
state ionization thresholds of Neat 40.963 eV and 40.866 eV, energy resolution of 11 meV with the theory. The latter has been
respectively. The small, nonzero cross section at energies beloaonvoluted with a Gaussian of 11 meV to simulate the experimental
both thresholds is attributed to higher-order radiation in the photomesolution. Members of seven Rydberg series of resonances origi-
beam. nating from the metastable and ground states of Wee assigned.
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Another interesting question concerns the assignment of
the 25?2p*(®D)6s,6d and 2%2p*(1S)4s,4d resonances that
are within 0.2 eV of one another. Their assignments indicated
in Table IV and Fig. 6 give quantum defects that are incon-
sistent with the highen- members of these series, as shown
in Fig. 8 for the 222p*(°D)ns,nd series. However, their
resonance strengths compare as expected to higheem-
bers of the series. Exchanging the?2p*(®D)6s,6d and
2s%2p*(1S)4d assignments makes their quantum defects
more consistent, but their resonance strengths become

-

A: 28°2p'('D)ns,nd [Ne" P, ]
I: 25°2p'('D)ns,nd [Ne"°P,,]

BRRBBEERS

{ AE = 7.5 meV

Photoionization Cross Section (Mb)
®

8 - anomalous. Because of this apparent inconsistency, their as-
3 AN A : ] signments are uncertain and are quoted in parentheses in
2F o Crrrrnm I Table IV.
0 1 1 L L 1 1 L L

435 436 437 438 439 440 441 442

Photon Energy (eV) C. Resonance line shapes and widths

The properties of two observed resonance features that

FIG. 7. Comparison of normalized Nephotoionization mea-  correspond only to photoionization of ground-state *Ne
surementgpoints taken at an energy resolution of 7.5 meV with were studied in more detail by recording them at increasing
the Breit-PauliR-matrix theoretical calculation, convoluted with a photon energy resolution and fitting the measured line shape

Gaussian energy distribution of the same witbtted curve As- {5 3 modified Fano-Beutler profil®] of the form
signments are indicated for two distinct Rydberg series of reso-

nances due to 2—ns,nd excitation from the metastable and
ground states. =0y 1—p2+p

2
,(q+e) } -

1+ €2
mixture of metastable and ground-state ions, and was unsuc-
cessful. Because of the uncertainty in assignment, this Rydvhereo, is the part of the photoionization cross section that
berg series is designated hereafter Is§2Zb*(*So)ns,nd. corresponds to transitions to continuum states that do not
The 252p°(*P,)np Rydberg series of broad resonancesinteract with the discrete autoionizing stageandq are nu-
from the ground state converging to a limit of 66.292 eV ismerical line profile indices, and=2(hv— Eo)/T’, wherehv
also observable in the data of Fig. 4. In this case, the metgs the photon energg, is the resonance energy, ahids its
stable and ground-state components are unresolved, with thg| energy width at half maximuntFWHM). A typical fit of
exception of the resonances attributed ts2@° between Eq. (5) to the 2%2p*(*D,)6l experimental resonance is
41.8 and 42.0 eV in the scan at 11 meV resolution shown ihown in Fig. 9. The slight departure of the measured line
Fig. 6. A resonance at 66.74 eV, attributed to theshape from the Fano-Beutler profile is attributed to the influ-
252p°(*P)ns,nd series, occurs just above th#, series  ence of nearby resonances.

limit. Figure 10 shows the results of similar fits to the-6

The energies of the observed resonances, their assigfiriangles and n=10 (circles members of the
ments, and their calculated quantum defects are presented #322p*(D,)ns,nd Rydberg series plotted versus the nomi-
Table IV. The gquantum defects are based on Ry(Ne nal photon energy resolution set by the entrance and exit slits
=13.6053 e\ 2° and the known series limits obtained of the monochromator. The dotted line is a linear fit of the
from tabulated N&+ energy level{29]. The quantum de- threen=6 data points at highest resolution, and indicates a
fects for the 2°2p*(*So)ns,nd series are uniformly close to natural linewidth of 5.3 0.3 meV. For then=10 resonance,
unity, consistent with an assignment o6. However, as the linewidth estimated from a linear fit to the data is 2.3
noted, Caldwellet al. [31] assign the the corresponding se- (+0.7,~0.2) meV. Included in Fig. 10 are the theoretical
ries of sharp resonances in photoionization of s results for the natural linewidths of the same resonances via

An interesting feature of these data is the nearly monothe QB method25-27. The theoretical values of 4.74 meV

tonic decrease of the quantum defects for thefor n=6 and 2.28 meV fon=10 are consistent with the
2s%2p*(*D,)ns,nd series from both the ground-state and measurements.

the metastable state of Ne These two series of narrow

resonances are the best characterized experimentally, and en- _ :

compass the broadest rangenofalues. One might suspect a D. Comparison between absolute cross-section measurements
systematic error in the photon energy calibration, were it not and theory

for the fact that the two £2p*(*Sy)nd series overlap the ~ The absolute photoionization cross-section measurements
same energy range and exhibit stable quantum defects. Ataken at an energy resolution of 22 meV are compared in Fig.
signment of the series limit might also be suspect, but a fit td.1 with the results of thab initio Breit-Pauli R-matrix the-

the observed resonance energies as a functionweith the  oretical calculation. The calculation represents a sum of the
series limit as a free parameter gives a value of 44.16%ross sections for photoionization from the ground and meta-
+0.005 eV, compared to the spectroscopic reference valugtable states weighted by their statistical weigt#s8 and

of 44.167 eV[29]. 1/3, respectively A Gaussian of 22 meV FWHM was con-
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TABLE IV. Principal quantum numbers, resonance energies, and quantum deféaigtermined from the measurements. The uncer-
tainties in the experimental energies are estimated ta-I8e005 eV for the 8%2p*(*D,)ns,nd and 2%2p*(*Sy)ns,nd series, and
+0.010 eV for the 82p®(°P,)np series. The spectral assignments are uncertain for entries in parentheses. Entries in square brackets are
tabulated values for transitions to bound std#23.

Rydberg series Rydberg series Rydberg series
2s?2p*(*D,)ns,nd 2s?2p*(*Sy)ns,nd 2s2p°(3P,)np
Initial state n Energy(eV) é Energy(eV) 6 Energy(eV) 6
2s22p° %Py, 2 41.943 0.50
3 [37.9693d [34.3043s 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 (1.39 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 —0.06
25 44.080 —0.01
oo 44.167 47.875 66.292
2522p°2Py), 4 (41.757 (0.99
5 44.287 1.05
6 (41.559 (1.39 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 —0.06
© 44.070 47.778

8 rom NIST Standard Reference Databf2@].

062710-8



PHOTOIONIZATION OF N&" USING SYNCHROTRON ... PHYSICAL REVIEW A6, 062710 (2002

14- ! ! L a 10 U v T v T v T v T v T v T v T v T
] * 2822p4(1D2)nI %‘ Rydberg Series:
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FIG. 8. Plot of quantum defects versus principal quantum num- . .
ber n for the 2s22p*(*D,)ns,nd Rydberg series from the ground FIG. 10. Measured resonance linewidths for two members of the

2941 7
state of Né&. The solid circles correspond to the data in Table Iv, 25°2P"("D2)ns,nd Rydberg series from the ground state of*T_\hs _
while the open circle fom=6 corresponds to a reversal of the functions of the photon energy resolution. The dashed line is a

assignments of the lowestresonances of thes32p#(1D,)ns,nd linear fit to the thrge data poir.1ts.at highest resolqtion )‘orrth@
and 222p*(*S)nd Rydberg series. resonanceéopen trianglesand indicates a natural linewidth of 5.1
+0.2 meV FWHM. The width obtained theoreticall.75 meV is

. . . . indicated by a solid triangle. The solid line is a linear fit to the data

voluted with the theoretical data to simulate the experlmentaln . - . P
. . points for then=10 resonancéopen circleg indicating a natural

energy resolution. The calculated nonresonant cross SeCtlcﬁﬂewidth of 2.3(+0.7,- 0.2) meV FWHM. The solid circle is the
is almost indistinguishable from the experiment in the energyy . v\ alue of 2.28 meV. '
range 41-44 eV, but differs from the measurement at higher
energies. As already noted, the origin of the broad structurediffers from experiment by about 0.1 eV, whereas most of the
in the measurements above 44 eV may be interleaved seriéfghern resonance energies are in near-perfect agreement.
of 2s2p*(*S)ns window resonances similar to but broader The predicted energy of thes2p®(°P,)3p resonance fea-
than those observed by Caldwel al. [31] in photoioniza-  ture lies above the measured value of 56.49 eV by more than
tion of F. The theory predicts a small resonance just abové eV, although the complex line shapes are similar. A pre-
the Ne" threshold that is absent in the experiment. It is note-dicted sharp resonance near 69 eV is absent in the experi-
worthy that the predicted energy of the lowestesonance mental data.

60—

i 2 —Th
T T T T T T T T T T T v T v 40 |- ° o Expegrnyment i

Normalized Photoion Yield
Photoionization Cross Section (Mb)

T T T T T T T T T T T T T T
4158 4160 4162 4164 4166 41.68 41.70
Photon Energy (eV)

Photon Energy(eV)

FIG. 11. Comparison of Breit-PauR-matrix theoretical calcu-
FIG. 9. Typical fit of a Fano-Beutler profilésolid line) to the lation (solid line bounding shaded apeand absolute experiment
experimental data point®pen circle} for the 25?2p*(*D,)6s,6d (open circlesfor photoionization of N&. The theoretical curve has
resonance feature from ground-state"N&t a photon energy reso- been convoluted with a Gaussian of 22 meV FWHM to simulate the
lution of 11 meV. The fit indicates a linewidth of 10.7 meV. photon energy bandwidth of the experiment.
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