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Observation of resonance structure in the Na photodetachment cross section
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We have used a collinear laser-ion beam apparatus to investigate the partial cross section for the photode-
tachment of Na via the Na(4)+e ™ (ep) channel. The measured cross-section spectrum is compared to a
recentR-matrix calculatio{C.-N. Liu and A. F. Starace, preceding paper, Phys. Re¥9,/8643(1999]. The
photodetachment cross section was measured in the energy range 4.657—4.880 eV. In this spectrum, we have
identified four resonances that converge on the Ma(#reshold. The energies and widths of the resonances
were determined from the measured cross section. A semiempirical formula has also been used to predict the
positions of the four resonances and to show that, in a semiclassical model, the resonances belong to the same
1p° series[S1050-294{99)10805-9

PACS numbd(s): 32.80.Gc, 32.80.Fb, 31.58w

[. INTRODUCTION An alkali-metal negative ion can be considered as an ef-
fective two-electron atomic system. Here the two valence
Independent electron models have been successful in delectrons move in a field of a closed shell core which is inert.
scribing the grosser features of many-electron atomic sys-owever, the force which binds the outer electron to the
tems, but experiments continue to reveal a rich array of pheexcited atom is fundamentally different. The presence of the
nomena that cannot be explained by these simple modelfinite core breaks the degeneracy of excited states of the
Electron-electron interactions, which give rise to correlatecatom and, thus, the existence of a permanent dipole moment.
motion, must be taken into account. In a doubly excitedin this case the outer electron moves in the shorter range
atomic system, for example, a pair of electrons move in thdield of an induced dipole, which has an asymptotic potential
field of a positively charged core. Under certain conditions itV(r) = — a/2r*, wherea is the static dipole polarizability of
is possible for the interaction between the two excited electhe parent atomic state. This potential can support only a
trons to be comparable to or greater in strength than thénite number of bound states. The energy of such states rela-
interaction of each electron with the core. The motion of thetive to the parent atomic state was recently described by
two electrons then becomes highly correlated and the indeKiyan et al. [5]. Here it was shown that the convergence of
pendent particle model breaks down. This condition is easimembers of a given series on the corresponding excited state
est to attain for a loosely bound system such as an atomitireshold has a polynomial character.
negative ion. Here the core field is weaker than that of the Up to now experimental investigations of doubly excited
isoelectronic atom or positive ion. The correlated motion of astates in alkali-metal anions have focused on [6-8§]. In
pair of highly excited electrons is thus enhanced due to théhe present work we extend our studies of doubly excited
suppression of the core field. states in alkali-metal anions to Nan order to further un-
The simplest three-body Coulomb system is the idn.  derstand the effect of a finite core on the energies and widths
As such, it has been extensively investigated both theoretief the resonances. An important difference in this case is that
cally [1] and experimentally2]. This prototypical ion con- the higher principal quantum number,of the atomic states
sists of two electrons moving in the pure Coulomb field of aallows states of higher orbital angular momehtahe en-
point nuclear core. Double excitation of Hcorresponds to  ergy separation of opposite parity states of the sanaemd
an outer electron moving in the field of an excited H atom. Inlarge, but different] becomes small. As a consequence, the
the asymptotic limit this field has a potential of a permanentdipole polarizability of an atomic state can be rather large,
dipole, V(r)=—d/r?, associated with the degeneracy of ex-even at relatively low levels of atomic excitation. In this
cited states of the H atom. When the dipole momerns  work we have studied doubly excited states of Na the
sufficiently large, this potential can support an infinite seriesvicinity of the Na(4d) parent state threshold. The dipole
of bound excited statg$3]. The members of a given series polarizability of the 4l state is large due to the presence of
then converge exponentially on the corresponding excitethe close lying 4 state.
state thresholdl4]. We have used photodetachment as a method of investigat-
ing doubly excited states in high resolution. Here, the two
valence electrons are simultaneously excited by the absorp-
*Permanent address: General Physics Institute, Russian Acadertipn of a single photon. The highly excited states are embed-

of Sciences, Vavilova St. 38, 117942 Moscow, Russia. ded in continua and can therefore decay by autodetachment.
"Permanent address: Physics Department, Kalamazoo Colleg&ghe decay of these transient states is manifested as resonance
Kalamazoo, MI 49006-3295. structure in the photodetachment cross section near excited

1050-2947/99/5%)/36555)/$15.00 PRA 59 3655 ©1999 The American Physical Society



3656 HAEFFLER, KIYAN, HANSTORP, DAVIES, AND PEGG PRA 59

Excimer Dye ~
Laser Laser >
6 —
¥, Dye \
Laser
= 24p Y.
1P0 (O 1
YZI&ZZ —5s 4d 4“ Plasma lon Mass [\ Quadrupoie
4 ‘\\ ap Source Filter Na R4 Deflector
3d
— = 4s
> |
[
= 1 1
S, | — 3 ol®
T, Nat Na~
| | =~ Faraday
CEM ) Cup
N
z A
0 F 3s 2
1 g
Na~ Na FIG. 2. Schematic drawing of the collinear laser and ion beam

apparatus used in the experiment. The figure shows the two coun-

FIG. 1. Excitation and detection scheme showing selected statd§rPropagating laser beams overlapping the Waam in the inter-
of Na/Na . The solid lines indicate the transitions induced by the &ction region.
lasers of frequency; andw,, respectively. The dashed arrow rep-
resents the autodetachment process into the channel studied in t
present work. The field ionization process is indicated by the wavy

arrow. Na(4s2S,) +hwo— Na(24p 2Py 31,

ately 2 kV/cm. This two-step process of state selective ion-
fation can be described by the following equations:

@

state thresholds. An analysis of the resonances yields infor- Na(24p?Py/ 39~ Na" (2p° 1Sp) +e ™,
mation on the energies and widths of the corresponding dou- o .
bly excited states. These parameters can be used to assess'#ii¢re the wavy arrow represents field ionization. The inten-
ability of theory to incorporate electron correlations into theSity Of @2 was sufficient to saturate thes€4p transition and
wave functions describing the initial and final states of thethe field ionization was estimated to have an efficiency of
photodetachment process. In the present case we compdtesentially unity. The yield of Naions as a function of,

our measurements with the receRimatrix calculation by ~Was proportional to the Nag}+e~ (ep) partial cross sec-
Liu and Staracg9]. tion since only N& created by field ionization of the p4

state were detected. The positive ion signal was recorded as
a function ofw, and the relative photodetachment cross sec-
tion was determined by subtracting a small background from
A. Procedure the signal and normalizing the data to the ion current and the
w, photon flux[12].

Il. EXPERIMENT

The relative cross section for photodetachment of the Na
via the Na(4)+e (ep) partial channel has been investi-
gated in this experiment. The measurement has been per-
formed in the 4.657-4.880 eV photon energy range, which The apparatus was essentially the same as the one we
encompasses the Naf}threshold. The experimental proce- used to study partial photodetachment cross sections in pre-
dure is based on an excitation-detection scheme that employ4us measuremen{s,10-13, although the detection sys-
resonance ionization spectroscopy in the state selective déém has been improved and the interaction region has been
tection of Na atoms left in the Zlexcited state. Essentially €xtended for the present experiment. A schematic of the

the same method has previously been used in measuremeggup is shown in Fig. 2. Naions were extracted directly
of partial photodetachment cross sections in” Hend Li~ from a plasma ion source and accelerated to 4 keV. After

[7,10,11. mass selection, the beam was deflected into the interaction

The excitation-detection scheme is shown in Fig. 1. Ondegion by means of an electrostatic quadrupole. In the inter-
laser of frequencyw, induces the photodetachment processaction region, the ion beam was coaxially superimposed with
for which Na(4s) is one of the possible final states of the the laser beams over a 70-cm-long path that was defined by

B. Experimental arrangement

residual atom: 3-mm-diameter apertures placed at both ends of the interac-
tion region. The pressure in the interaction region was ap-
Na (3s? 1Sy) + A w;— Na(4s°S; ) + ep. (1) proximately 1X 10~ 8 mbar. A typical ion current was 1 nA,

as measured by a Faraday cup at the end of the interaction
A second laser of frequenay, is used to resonantly ex- region.
cite atoms in the 4 state to the 2d Rydberg state, which is Highly excited Na atoms were field ionized in an inhomo-
subsequently field ionized in a static electric field of approxi-geneous electric field created by two cylindrical electrodes.
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The ionizer voltage was adjusted to deflect into the channel ]
electron multiplier(CEM) detector only those positive ions r 1015
originating from the ionization of Na(3¥). This type of field 3 5
ionizer was originally developed for isotope separation that ;?,Z =3
employed a collinear beams geomeffyg]. It has more re- 3 010 §
cently been used in photodetachment studies by Petrunin g} 8
et al.[14]. =1 2

Radiation of the two frequencies; and w, was gener- % ; 0.05 8
ated by two dye lasers pumped by a common excimer laser Z |
that delivered pulses of approximately 15 ns duration. Radia- i i
tion of frequencyw; was obtained by frequency doubling s e 0.00
laser light generated by a Coumarin 307 dye. A typical pulse 470 475 480 485

Photon energy [eV]

energy in the interaction region was 1pd. This energy
was sufficiently low to avoid saturation of the photodetach- G, 3. Na(4)+ e (ep) partial photodetachment cross section.
ment process or any higher-order processes. Radiation of frghe experimental resultiots is a relative cross-section spectrum
quency w, was generated by a Rhodamine 101 dye. Theand the thick solid curve is a fit of the function described by @y.
pulse energy was typically 20@J. The two laser beams to the experimental data. The thin solid line is a calculation of Liu
counterpropagated in the interaction region. An optical delayand Starace of the absolute cross sectitght vertical scalg The
line was used to delay the pulgs slightly with respect to experminental curve is normalized to the theoretical spectrum as
the pulsew, in order to optimize the signal. described in the text.

The frequency scale of laser; was calibrated by mea-
suring spectral lines of Ar generated in a hollow-cathodeThere is, in general, a good agreement between the experi-
lamp. The scale between these absolute frequency markement and theory. The only disagreement is in the region
was calibrated by interpolation using the internal wavelengtt@bove the 4 threshold. We cannot, however, exclude that
scale of the dye laser, which is sufficiently accurate in comthis is caused by a small but unavoidable change in the over-
parison to the resolution of the present experiment. The erlap of the laser and ion beams as the laser frequencyas
ergy resolution of the apparatus has been measured to Is¢éanned over the large range in this experiment.
approximately 0.2 cm? [10], limited only by the laser band- Kiyan et al.[5] have recently derived a semiempirical ex-
width. The Doppler shift was calculated from the known ion pression which characterizes the energies of members of a
beam energy and was taken into account in the calibrationseries of doubly excited states of negative ions converging

The signal pulses from the detector were counted by ®n an excited atomic state threshold. This formula applies to
gated counter. The counter was also used to monitor ththe case where the outermost electron is bound to an excited
background by counting the detector pulses in a time winatom via a short range induced dipole potential. The energies
dow where no photodetachment events occurred. The ioaf resonances in such a serieém), relative to the parent
current and intensity of lases, were recorded during data atomic state, are given by

collection for normalization purposes. .

2C
_ _ 4
Il. RESULTS AND DISCUSSION E(m)= a (M= M), @)

The measured relative cross section for photodetachmetitherem denotes the principal quantum number of the outer
of Na~ via the Na(4) + e (ep) channel is shown in Fig. 3. €lectron,« is the static dipole polarizability of the parent
The scattering of the data corresponds to the shot noise in ti§omic stateC=1.848 is a constant, ant,, is a noninte-
counting of positive ions. The signal-to-background ratio atger parameter. The integer part wf,,, corresponds to the
the peak of the cross section was better than 35. The backaaximum quantum number of the outer electron in the se-
ground was independent of the pressure in the interactiofies. The expression in E(B) has recently been successfully
chamber under the condition of the present experimentpplied to two series of P resonances in the photodetach-
which indicates a negligible contribution from collisions ment spectrum in He[5]. The fits of Eq.(3) to the spectra
with the residual gas. The state selective detection also supd each case predicted the observed number of resonances in
pressed any significant potential contributions from positivethe series and a value of the dipole polarizability that was in
ions created in the possible two-step photodetachmenteasonable agreement with estimates based on tabulated os-
photoionization process induced by radiatien, alone. cillator strengths.

Therefore, the main source of background, which scaled lin- We interpret the resonance structure in the cross section
early with the ion current, was interpreted as being due tdelow the Na(4l) threshold as being due to a series of dou-
particles created by the Nebeam impinging on apertures or bly excited Na states of'P° symmetry since photoexcita-
other objects in the interaction chamber. tion of states of a different symmetry is forbidden by the

The thin solid line in Fig. 3 shows the result of a recentselection rules in the dipole approximation. The number of
calculation by Liu and Starace using tReematrix method resonances in the Naspectrum shown in Fig. 3 is not im-

[9]. The experimental cross section has been normalized taediately obvious from mere inspection, since higher energy
the theoretical result by multiplying by a factor which is the and narrower resonances are in the close vicinity of the
ratio of the areas below the experimental and theoreticaNa(4d) threshold. In order to determine the number of mem-
cross-section curves in the energy region shown in the figurdaers that should be expected in a series of resonances below
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.TABLE I. Energies and widths of the resonances in eV deter-obtained from the fit is in reasonable agreement with the
mined from the fit of the function described by H¢). The reso-  values predicted above from the semiempirical formula, Eq.

nances are labeled according to the notation in Fig. 3. (3). This implies that all four resonances belong to the same
series of doubly excitedP° states that converge on the
Resonance B r Na(4d) threshold.
A 4.7326856) 0.0662) It should be noted that the four resonances observed can
B 4.809694) 0.003637) be described as a series within a semiclassical model. The
C 4.8264719) 0.0029335) applicability of such a model is based on the assumption that
D 4.8313216) 0.0022612)? the outer electron moves basically in an asymptotic potential
created by the core. The criterion for such an assumption is
®See text. that the radiusry, which separates the inner and the

asymptotic regions, is much smaller than the classical turn-
the Na(4l) state, we used Ed3). The energies of the two ing point of the outer electron in the asymptotic region. In
most prominent and statistically significant resonankesd the present case, the classical turning point is estimated to be
B were first obtained from a fit of the sum of two Shore approximately 100 a.u. for resonan8eand is gradually in-

profiles with a linear background: creasing up to 500 a.u. for resonarzeFor the value of,
we take the radius of the maximum in the electron density
Ci+d; distribution of the Na(4) state, which is of the order of 20
oi(E)=a+ bE+Z 1+ a.u.[18]. Thus, one can conclude that the criterion of the
I

applicability of the semiclassical model is satisfied for all of
the resonant states.
€= E-E 4) In the asymptotic region the electron potential represents
! polarization potentiat- a/2r4, wherea is dipole polarizabil-
ity of the residual excited atom. According to this picture,
wherei is the index of a single resonandg,is the resonance only atomic states of positive value of polarizability can sup-
energy,l’; is the resonance widtl, is the photon energya  port bound doubly excited states. It provides an argument
and b are the coefficients describing a linear backgroundwhy the series of states, observed in this experiment and
cross section, and;, andd; are the Shore parametdiks]. described by the semiclassical formula, should be assigned to
This fit was performed in the energy range 4.6748-4.8214he Na(4l) parent state. An estimate of the value wffor
eV. The energies of resonanckandB obtained from the fit the nearby state Naf4, based on tabulated oscillator
were then used in Eq3) to determine the valuem,,,,  Strengths, indicates that it is negative and, as such, will be
=4.17 ande=6.53X 10° a.u. The value o, implies that  unable, in the asymptotic limit, to support bound states. We
four doubly excited states should be bound. By use of thestherefore conclude that we have observed a series of four
parameters in Eq3), we were able to predict the energies of 1P° resonant states that converge on the N (threshold.
resonance€ and D. The energy of resonandgé was pre- The semiclassical model does not take into account the
dicted to be 4.82958 eV. The energy of resonabcewvas  motion of the inner electrons and, thus, does not describe the
predicted less than LeV below the Na(d) threshold. The two-electron symmetry. One can expect that the two-electron
Na(4d) state has an energy of 4.83143 eV with respect tesymmetry can be different for different members of the same
the ground state of Na[16]. The value ofa obtained from  “semiclassical” series of states. The parent atom is polar-
the fit agrees quite well with the previously measured valudzed in a field created by the outermost electron and, there-
of static dipole polarizability of the Na@ state, «(4d) fore, the parent atomic state is represented by a mixture of
=6.2x 10° a.u.[17]. different configurations. In the present case, the major con-
As a second step of data evaluation, the experimental dataibutions to the Na(d) parent state wave function are ex-
have been fitted to a sum of four Shore profiles with a lineaipected to be configurations involving the 4nd 4f orbitals.
background[Eg. (4)]. The range of this fit was 4.6768—  The mixture depends on the strength of the field created
4.8313 eV and it included the whole of the resonance strucby the outermost electron and, thus, on the state of this elec-
ture below the 4 threshold. This fit curve is represented in tron. The outermost electron is bound most strongly to the
Fig. 3 by a thick solid line. The energies and widths of thecore in the resonant stafe In this case, the admixture of the
four resonances derived from this fit are presented in Table #d and the 4 orbitals in the parent atom is largest. In the
The quoted errors are the statistical uncertainties from the fitase of resonande, the parent statedlis expected to have
It should be noted that the width of resonamzeas derived only a small admixture of configurations involving thé 4
from the Shore parametrization, is larger than the energgprbital. The resonanceB and C represent an intermediate
separation of this resonance from the Na)4hreshold. Itis case. As a result, the two-electron density distributions might
essentially impossible to obtain a meaningful width for abe expected to have different angular symmetries for the four
resonance when it is so close to a threshold. ResonBnce resonances, as was found in the calculation of Liu and Sta-
however, is clearly present in the spectrum and its energy, asce[9].
derived from the Shore parametrization, is in reasonable Itis difficult to identify the dominant configurations of the
agreement with the value predicted by E8). As expected, members of the'P° series without recourse to theory. Due
the energies of the resonandeandB are not affected by the to the dipole selection rules we expect, however, that the
extension of the fit range and by including two more Shoreconfigurations dmf and, perhaps, dmp make a significant
profiles into the function. Also the energy of resona@@e contribution to the multiconfigurational states. Since the
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andf electrons only minimally penetrate the core, one might4.880 eV. The general behavior of the cross section agrees
expect the doubly excited state of Navith a configuration  well with the recent calculation of Liu and Staradd. We
4dmf, for example, to approximate a two-electron systeminterpret the structure in the cross section below the Nja(4
reasonably well. In fact, the series of the resonances in thghreshold as being due to four resonancesp? symmetry

Na~ spectrum below the Na@ threshold agree quite well a|| belonging to a series of doubly excited states of Na

with resonances in the H spectrum below the H(=4)  described within a semiclassical model.
threshold. In both cases, the energies are calculated relative

to the double detachment limit. One might expect agreement
in the case of the intrashell resonances where the excitation
of two electrons is symmetric. In the case of the asymmetri-

cally excited intershell resonances, however, the outermost

electron in Na is bound in a fundamentally different poten- di . dqf idi ith th Its of @
tial than is the corresponding electron in HAs expected, discussions and for providing us with the results of R8f.

the widths of the resonances in the Napectrum are con- prior to publication. This research has been supported by the

siderably larger than the widths of the corresponding resoSWedish National Science Coun¢MFR). Personal support
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