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Observation of resonance structure in the Na2 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 Na2 via the Na(4s)1e2(ep) channel. The measured cross-section spectrum is compared to a
recentR-matrix calculation@C.-N. Liu and A. F. Starace, preceding paper, Phys. Rev. A59, 3643~1999!#. 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 Na(4d) threshold. 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
1Po series.@S1050-2947~99!10805-9#

PACS number~s!: 32.80.Gc, 32.80.Fb, 31.50.1w
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I. INTRODUCTION

Independent electron models have been successful in
scribing the grosser features of many-electron atomic s
tems, but experiments continue to reveal a rich array of p
nomena that cannot be explained by these simple mod
Electron-electron interactions, which give rise to correla
motion, must be taken into account. In a doubly exci
atomic system, for example, a pair of electrons move in
field of a positively charged core. Under certain condition
is possible for the interaction between the two excited e
trons to be comparable to or greater in strength than
interaction of each electron with the core. The motion of
two electrons then becomes highly correlated and the in
pendent particle model breaks down. This condition is e
est to attain for a loosely bound system such as an ato
negative ion. Here the core field is weaker than that of
isoelectronic atom or positive ion. The correlated motion o
pair of highly excited electrons is thus enhanced due to
suppression of the core field.

The simplest three-body Coulomb system is the H2 ion.
As such, it has been extensively investigated both theo
cally @1# and experimentally@2#. This prototypical ion con-
sists of two electrons moving in the pure Coulomb field o
point nuclear core. Double excitation of H2 corresponds to
an outer electron moving in the field of an excited H atom.
the asymptotic limit this field has a potential of a perman
dipole,V(r )52d/r 2, associated with the degeneracy of e
cited states of the H atom. When the dipole momentd is
sufficiently large, this potential can support an infinite ser
of bound excited states@3#. The members of a given serie
then converge exponentially on the corresponding exc
state threshold@4#.

*Permanent address: General Physics Institute, Russian Acad
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An alkali-metal negative ion can be considered as an
fective two-electron atomic system. Here the two valen
electrons move in a field of a closed shell core which is ine
However, the force which binds the outer electron to t
excited atom is fundamentally different. The presence of
finite core breaks the degeneracy of excited states of
atom and, thus, the existence of a permanent dipole mom
In this case the outer electron moves in the shorter ra
field of an induced dipole, which has an asymptotic poten
V(r )52a/2r 4, wherea is the static dipole polarizability of
the parent atomic state. This potential can support onl
finite number of bound states. The energy of such states r
tive to the parent atomic state was recently described
Kiyan et al. @5#. Here it was shown that the convergence
members of a given series on the corresponding excited s
threshold has a polynomial character.

Up to now experimental investigations of doubly excit
states in alkali-metal anions have focused on Li2 @6–8#. In
the present work we extend our studies of doubly exci
states in alkali-metal anions to Na2 in order to further un-
derstand the effect of a finite core on the energies and wid
of the resonances. An important difference in this case is
the higher principal quantum number,n, of the atomic states
allows states of higher orbital angular momental. The en-
ergy separation of opposite parity states of the samen and
large, but different,l becomes small. As a consequence,
dipole polarizability of an atomic state can be rather lar
even at relatively low levels of atomic excitation. In th
work we have studied doubly excited states of Na2 in the
vicinity of the Na(4d) parent state threshold. The dipo
polarizability of the 4d state is large due to the presence
the close lying 4f state.

We have used photodetachment as a method of invest
ing doubly excited states in high resolution. Here, the t
valence electrons are simultaneously excited by the abs
tion of a single photon. The highly excited states are emb
ded in continua and can therefore decay by autodetachm
The decay of these transient states is manifested as reson
structure in the photodetachment cross section near exc
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3656 PRA 59HAEFFLER, KIYAN, HANSTORP, DAVIES, AND PEGG
state thresholds. An analysis of the resonances yields in
mation on the energies and widths of the corresponding d
bly excited states. These parameters can be used to asse
ability of theory to incorporate electron correlations into t
wave functions describing the initial and final states of
photodetachment process. In the present case we com
our measurements with the recentR-matrix calculation by
Liu and Starace@9#.

II. EXPERIMENT

A. Procedure

The relative cross section for photodetachment of the N2

via the Na(4s)1e2(ep) partial channel has been inves
gated in this experiment. The measurement has been
formed in the 4.657–4.880 eV photon energy range, wh
encompasses the Na(4d) threshold. The experimental proce
dure is based on an excitation-detection scheme that emp
resonance ionization spectroscopy in the state selective
tection of Na atoms left in the 4s excited state. Essentiall
the same method has previously been used in measurem
of partial photodetachment cross sections in He2 and Li2

@7,10,11#.
The excitation-detection scheme is shown in Fig. 1. O

laser of frequencyv1 induces the photodetachment proce
for which Na(4s) is one of the possible final states of th
residual atom:

Na2~3s2 1S0!1\v1→Na~4s2S1/2!1ep. ~1!

A second laser of frequencyv2 is used to resonantly ex
cite atoms in the 4s state to the 24p Rydberg state, which is
subsequently field ionized in a static electric field of appro

FIG. 1. Excitation and detection scheme showing selected s
of Na/Na2. The solid lines indicate the transitions induced by t
lasers of frequencyv1 andv2, respectively. The dashed arrow re
resents the autodetachment process into the channel studied
present work. The field ionization process is indicated by the w
arrow.
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mately 2 kV/cm. This two-step process of state selective i
ization can be described by the following equations:

Na~4s2S1/2!1\v2→Na~24p 2P1/2,3/2!,
~2!

Na~24p2P1/2,3/2! Na1~2p6 1S0!1e2,

where the wavy arrow represents field ionization. The int
sity of v2 was sufficient to saturate the 4s-24p transition and
the field ionization was estimated to have an efficiency
essentially unity. The yield of Na1 ions as a function ofv1
was proportional to the Na(4s)1e2(ep) partial cross sec-
tion since only Na1 created by field ionization of the 24p
state were detected. The positive ion signal was recorde
a function ofv1 and the relative photodetachment cross s
tion was determined by subtracting a small background fr
the signal and normalizing the data to the ion current and
v1 photon flux@12#.

B. Experimental arrangement

The apparatus was essentially the same as the one
used to study partial photodetachment cross sections in
vious measurements@7,10–12#, although the detection sys
tem has been improved and the interaction region has b
extended for the present experiment. A schematic of
setup is shown in Fig. 2. Na2 ions were extracted directly
from a plasma ion source and accelerated to 4 keV. A
mass selection, the beam was deflected into the interac
region by means of an electrostatic quadrupole. In the in
action region, the ion beam was coaxially superimposed w
the laser beams over a 70-cm-long path that was define
3-mm-diameter apertures placed at both ends of the inte
tion region. The pressure in the interaction region was
proximately 131028 mbar. A typical ion current was 1 nA
as measured by a Faraday cup at the end of the interac
region.

Highly excited Na atoms were field ionized in an inhom
geneous electric field created by two cylindrical electrod

es
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y

FIG. 2. Schematic drawing of the collinear laser and ion be
apparatus used in the experiment. The figure shows the two c
terpropagating laser beams overlapping the Na2 beam in the inter-
action region.
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The ionizer voltage was adjusted to deflect into the chan
electron multiplier~CEM! detector only those positive ion
originating from the ionization of Na(24p). This type of field
ionizer was originally developed for isotope separation t
employed a collinear beams geometry@13#. It has more re-
cently been used in photodetachment studies by Petr
et al. @14#.

Radiation of the two frequenciesv1 and v2 was gener-
ated by two dye lasers pumped by a common excimer la
that delivered pulses of approximately 15 ns duration. Ra
tion of frequencyv1 was obtained by frequency doublin
laser light generated by a Coumarin 307 dye. A typical pu
energy in the interaction region was 100mJ. This energy
was sufficiently low to avoid saturation of the photodetac
ment process or any higher-order processes. Radiation o
quency v2 was generated by a Rhodamine 101 dye. T
pulse energy was typically 200mJ. The two laser beam
counterpropagated in the interaction region. An optical de
line was used to delay the pulsev2 slightly with respect to
the pulsev1 in order to optimize the signal.

The frequency scale of laserv1 was calibrated by mea
suring spectral lines of Ar generated in a hollow-catho
lamp. The scale between these absolute frequency ma
was calibrated by interpolation using the internal wavelen
scale of the dye laser, which is sufficiently accurate in co
parison to the resolution of the present experiment. The
ergy resolution of the apparatus has been measured t
approximately 0.2 cm21 @10#, limited only by the laser band
width. The Doppler shift was calculated from the known i
beam energy and was taken into account in the calibrati

The signal pulses from the detector were counted b
gated counter. The counter was also used to monitor
background by counting the detector pulses in a time w
dow where no photodetachment events occurred. The
current and intensity of laserv1 were recorded during dat
collection for normalization purposes.

III. RESULTS AND DISCUSSION

The measured relative cross section for photodetachm
of Na2 via the Na(4s)1e2(ep) channel is shown in Fig. 3
The scattering of the data corresponds to the shot noise in
counting of positive ions. The signal-to-background ratio
the peak of the cross section was better than 35. The b
ground was independent of the pressure in the interac
chamber under the condition of the present experim
which indicates a negligible contribution from collision
with the residual gas. The state selective detection also
pressed any significant potential contributions from posit
ions created in the possible two-step photodetachm
photoionization process induced by radiationv1 alone.
Therefore, the main source of background, which scaled
early with the ion current, was interpreted as being due
particles created by the Na2 beam impinging on apertures o
other objects in the interaction chamber.

The thin solid line in Fig. 3 shows the result of a rece
calculation by Liu and Starace using theR-matrix method
@9#. The experimental cross section has been normalize
the theoretical result by multiplying by a factor which is th
ratio of the areas below the experimental and theoret
cross-section curves in the energy region shown in the fig
el
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There is, in general, a good agreement between the ex
ment and theory. The only disagreement is in the reg
above the 4f threshold. We cannot, however, exclude th
this is caused by a small but unavoidable change in the o
lap of the laser and ion beams as the laser frequencyv1 was
scanned over the large range in this experiment.

Kiyan et al. @5# have recently derived a semiempirical e
pression which characterizes the energies of members
series of doubly excited states of negative ions converg
on an excited atomic state threshold. This formula applie
the case where the outermost electron is bound to an exc
atom via a short range induced dipole potential. The ener
of resonances in such a seriesE(m), relative to the parent
atomic state, are given by

E~m!52
2C4

a
~mmax2m!4, ~3!

wherem denotes the principal quantum number of the ou
electron,a is the static dipole polarizability of the paren
atomic state,C.1.848 is a constant, andmmax is a noninte-
ger parameter. The integer part ofmmax corresponds to the
maximum quantum number of the outer electron in the
ries. The expression in Eq.~3! has recently been successful
applied to two series of4P resonances in the photodetac
ment spectrum in He2 @5#. The fits of Eq.~3! to the spectra
in each case predicted the observed number of resonanc
the series and a value of the dipole polarizability that was
reasonable agreement with estimates based on tabulate
cillator strengths.

We interpret the resonance structure in the cross sec
below the Na(4d) threshold as being due to a series of do
bly excited Na2 states of1Po symmetry since photoexcita
tion of states of a different symmetry is forbidden by t
selection rules in the dipole approximation. The number
resonances in the Na2 spectrum shown in Fig. 3 is not im
mediately obvious from mere inspection, since higher ene
and narrower resonances are in the close vicinity of
Na(4d) threshold. In order to determine the number of me
bers that should be expected in a series of resonances b

FIG. 3. Na(4s)1e2(ep) partial photodetachment cross sectio
The experimental result~dots! is a relative cross-section spectru
and the thick solid curve is a fit of the function described by Eq.~4!
to the experimental data. The thin solid line is a calculation of L
and Starace of the absolute cross section~right vertical scale!. The
experminental curve is normalized to the theoretical spectrum
described in the text.
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the Na(4d) state, we used Eq.~3!. The energies of the two
most prominent and statistically significant resonancesA and
B were first obtained from a fit of the sum of two Sho
profiles with a linear background:

sfit~E!5a1bE1(
i

cie i1di

11e i
2

,

e i5
E2Ei

~G i /2!
, ~4!

wherei is the index of a single resonance,Ei is the resonance
energy,G i is the resonance width,E is the photon energy,a
and b are the coefficients describing a linear backgrou
cross section, andci , anddi are the Shore parameters@15#.
This fit was performed in the energy range 4.6748–4.8
eV. The energies of resonancesA andB obtained from the fit
were then used in Eq.~3! to determine the valuesmmax
54.17 anda56.533105 a.u. The value ofmmax implies that
four doubly excited states should be bound. By use of th
parameters in Eq.~3!, we were able to predict the energies
resonancesC and D. The energy of resonanceC was pre-
dicted to be 4.829 58 eV. The energy of resonanceD was
predicted less than 1meV below the Na(4d) threshold. The
Na(4d) state has an energy of 4.831 43 eV with respec
the ground state of Na2 @16#. The value ofa obtained from
the fit agrees quite well with the previously measured va
of static dipole polarizability of the Na(4d) state,a(4d)
56.23105 a.u. @17#.

As a second step of data evaluation, the experimental
have been fitted to a sum of four Shore profiles with a lin
background@Eq. ~4!#. The range of this fit was 4.6768
4.8313 eV and it included the whole of the resonance str
ture below the 4d threshold. This fit curve is represented
Fig. 3 by a thick solid line. The energies and widths of t
four resonances derived from this fit are presented in Tab
The quoted errors are the statistical uncertainties from the
It should be noted that the width of resonanceD, as derived
from the Shore parametrization, is larger than the ene
separation of this resonance from the Na(4d) threshold. It is
essentially impossible to obtain a meaningful width for
resonance when it is so close to a threshold. ResonancD,
however, is clearly present in the spectrum and its energy
derived from the Shore parametrization, is in reasona
agreement with the value predicted by Eq.~3!. As expected,
the energies of the resonancesA andB are not affected by the
extension of the fit range and by including two more Sh
profiles into the function. Also the energy of resonanceC

TABLE I. Energies and widths of the resonances in eV det
mined from the fit of the function described by Eq.~4!. The reso-
nances are labeled according to the notation in Fig. 3.

Resonance Er G

A 4.73268~56! 0.066~2!

B 4.80969~4! 0.00363~7!

C 4.82647~18! 0.00293~35!

D 4.83132~16! 0.00226~12!a

aSee text.
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obtained from the fit is in reasonable agreement with
values predicted above from the semiempirical formula,
~3!. This implies that all four resonances belong to the sa
series of doubly excited1Po states that converge on th
Na(4d) threshold.

It should be noted that the four resonances observed
be described as a series within a semiclassical model.
applicability of such a model is based on the assumption
the outer electron moves basically in an asymptotic poten
created by the core. The criterion for such an assumptio
that the radiusr 0, which separates the inner and th
asymptotic regions, is much smaller than the classical tu
ing point of the outer electron in the asymptotic region.
the present case, the classical turning point is estimated t
approximately 100 a.u. for resonanceA and is gradually in-
creasing up to 500 a.u. for resonanceD. For the value ofr 0,
we take the radius of the maximum in the electron dens
distribution of the Na(4d) state, which is of the order of 20
a.u. @18#. Thus, one can conclude that the criterion of t
applicability of the semiclassical model is satisfied for all
the resonant states.

In the asymptotic region the electron potential represe
polarization potential2a/2r 4, wherea is dipole polarizabil-
ity of the residual excited atom. According to this pictur
only atomic states of positive value of polarizability can su
port bound doubly excited states. It provides an argum
why the series of states, observed in this experiment
described by the semiclassical formula, should be assigne
the Na(4d) parent state. An estimate of the value ofa for
the nearby state Na(4f ), based on tabulated oscillato
strengths, indicates that it is negative and, as such, will
unable, in the asymptotic limit, to support bound states.
therefore conclude that we have observed a series of
1Po resonant states that converge on the Na(4d) threshold.

The semiclassical model does not take into account
motion of the inner electrons and, thus, does not describe
two-electron symmetry. One can expect that the two-elect
symmetry can be different for different members of the sa
‘‘semiclassical’’ series of states. The parent atom is pol
ized in a field created by the outermost electron and, the
fore, the parent atomic state is represented by a mixture
different configurations. In the present case, the major c
tributions to the Na(4d) parent state wave function are e
pected to be configurations involving the 4d and 4f orbitals.

The mixture depends on the strength of the field crea
by the outermost electron and, thus, on the state of this e
tron. The outermost electron is bound most strongly to
core in the resonant stateA. In this case, the admixture of th
4d and the 4f orbitals in the parent atom is largest. In th
case of resonanceD, the parent state 4d is expected to have
only a small admixture of configurations involving the 4f
orbital. The resonancesB and C represent an intermediat
case. As a result, the two-electron density distributions mi
be expected to have different angular symmetries for the f
resonances, as was found in the calculation of Liu and S
race@9#.

It is difficult to identify the dominant configurations of th
members of the1Po series without recourse to theory. Du
to the dipole selection rules we expect, however, that
configurations 4dm f and, perhaps, 4dmp make a significant
contribution to the multiconfigurational states. Since thed
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andf electrons only minimally penetrate the core, one mig
expect the doubly excited state of Na2 with a configuration
4dm f, for example, to approximate a two-electron syst
reasonably well. In fact, the series of the resonances in
Na2 spectrum below the Na(4d) threshold agree quite we
with resonances in the H2 spectrum below the H(n54)
threshold. In both cases, the energies are calculated rel
to the double detachment limit. One might expect agreem
in the case of the intrashell resonances where the excita
of two electrons is symmetric. In the case of the asymme
cally excited intershell resonances, however, the outerm
electron in Na2 is bound in a fundamentally different poten
tial than is the corresponding electron in H2. As expected,
the widths of the resonances in the Na2 spectrum are con
siderably larger than the widths of the corresponding re
nances in the H2 spectrum.

IV. SUMMARY

In summary, we have studied the Na(4s)1e2(ep) partial
photodetachment cross section in the energy range 4.6
Re
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4.880 eV. The general behavior of the cross section ag
well with the recent calculation of Liu and Starace@9#. We
interpret the structure in the cross section below the Na(d)
threshold as being due to four resonances of1Po symmetry
all belonging to a series of doubly excited states of N2

described within a semiclassical model.
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