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The correlated process involving the photodetachment of two electrons from thierChas been investi-
gated over the photon energy range 20—-45 eV. In the experiment, a beam of photons from the Advanced Light
Source(ALS) was collinearly merged with a counterpropagating beam ofiGhs from a sputter ion source.
The CI' ions produced in the interaction region were detected, and the normalized signal was used to monitor
the relative cross section for the reaction. An absolute scale for the cross section was established by measuring
the spatial overlap of the two beams and by determining the efficiency for collection and detection of the Cl
ions. The overall magnitude and shape of the measured cross section for this process agrees well with an
R-matrix calculation. The calculation identifies the dominant mechanism leading to the production of the CI
ion as being a direct nonresonant process involving the ejection of a pair of electrons from the valence shell.
Less important is the indirect nonresonant process that involves the production and decay of core-excited and
doubly excited states of the Cl atom in an intermediate step. Direct and indirect resonant mechanisms involving
the excitation of a single 8core electron or more than one valence electron of thei@i were found to be
insignificant in the energy range studied.
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[. INTRODUCTION on atomic structure and dynamics. The structure of a nega-
tive ion differs intrinsically from that of an atom or positive
o ._ion due to the nature of the force binding the outermost
Loosely bound systems such as negative ions are partiCljeciron, In an atom or positive ion the valence electron
larly well suited to explore the effects of electron correlation y,qyes asymptotically in the long-range Coulomb field of a
positively charged core consisting of the nucleus shielded by
the other electrons. This long-range binding potential is able
*Present address: National Institute of Standards and Technologo support an infinite spectrum of bound states. In contrast,

Gaithersburg, MD 20809, USA. the outermost electron in a negative ion experiences a short-
Present address: ITAMP, Harvard Smithsonian Center for Astrorange field arising from the polarization of an atomic core.
physics, Cambridge, MA 02138, USA. Negative ions exhibit an enhanced sensitivity to correlation
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effects due to the efficient suppression of the normally domisingle photon by the Li ion was measured over the energy
nant long-range Coulomb force. The induced dipole potentiatange 45—-62 eV. The cross-section measurement was abso-
associated with the short-range polarization force that bindkite but the emphasis of the experiment was on the resonance
the outermost electron is shallow and can only support &tructure in the cross section. The resonances in this case
finite number of bound states. Typically, only a single state isvere associated with the autodetaching decayKeghell
bound in a negative ion. In general, photodetachment refersore-excited states of Li Similar studies of both the Li
to a bound-free process in which one or more electrons caand He ions were made by Berraét al. [10,11]. Gibson
be ejected from a negative ion following the absorption ofet al. [12] have recently investigatel-shell excitation in
one or more photons. Multiphoton detachment processes r& . The double photodetachment cross section for the Na
quire the use of an intense light source, such as a laser. Muien was measured by Covingtast al. [13] over a photon
tielectron detachment processes induced by a single phot@nergy range 30-51 eV. Again, the cross sections were ab-
require the use of high-energy photons, such as those prgolute but the focus of the work was on determining the
duced at a synchrotron radiation source. energies and widths of resonances in the cross section. In this
The subject of the present paper is thé @n, which has case the observed resonances were associatedLvsittell
a closed ® subshell. As a consequence of the shell closingcore-excited states of the Naion. There have also been
the six valence electrons are relatively strongly bound. Theeveral theoretical treatments of double photodetachment. An
electron affinity of the Cl atom was measured by Berzinshearly random phase approximati@RPA) calculation by Ra-
et al. [1] to be 3.612724 eV. Due to this relatively large dojevic et al. [14] determined cross sections for single and
value, investigations of the laser photodetachment of Cl multiple detachment from the negative ions of the halogens.
have primarily focused on multiphoton detachment processedlore recently, both Zhoet al.[15,16] and Zatsarinnt al.
involving the use of two or more photons to detach a singld17] have usedr-matrix methods to calculate photodetach-
electron. The lowest-order process of single photorment cross sections at energies correspondiri-sbell ex-
absorption-single electron detachment has received far lesstation. In the present paper, we report on an absolute mea-
attention than is the case for most other ions. Trainkaal.  surement of the cross section for the production of @ins
[2] used a Penning trap and a laser to study one- and twada double photodetachment of the closed shell negative ion,
photon detachment from the Tlion. Later, Blondeletal. = Cl~. The data were accumulated over the photon energy
[3] investigated four-photon detachment from Qlising a range 20—45 eV. This range, which was dictated by the effi-
beam of ions and a laser. A similar multiphoton study thatciency of the grating used to monochromatize the synchro-
used six photons to detach an electron from @las re- tron radiation, encompasses the double detachment con-
ported by Davidsoret al. [4]. Detachment processes needtinuum from just above the threshold at the®3p* 3P)
not, however, be restricted to the lowest-order process inimit up to the CF*(3p® #s°) limit. The measured cross sec-
volving the ejection of a single electron. Multiple detach-tion is compared with predictions made using Renatrix
ment involves the ejection of two or more electrons, typi-method.
cally following the absorption of a single photon. For

example, the absolute cross sections for electron-impact de- Il. THEORY
tachment of one, two, and three electrons from @lere
measured recently by Fritioft al. [5]. The subject of the Several distinct mechanisms have been identified that can

present work, double photodetachment, is a highly correlatet¢ad to the production of a Clion when a CI ion absorbs

process in which two electrons are ejected from a negative photon in the energy range 20—45 eV. Both resonant and

ion following the absorption of a single photon. In this papernonresonant processes are able to proceed either directly into

we describe a joint experimental and theoretical study of théhe double detachment continuum or indirectly via the single

absolute cross section for the production of @ns arising ~detachment continuum. The mechanisms are shown sche-

from the detachment of two electrons from the Qbn. matically in Fig. 1. In the direct nonresonant process, labeled
There have been several previous investigations of crosk in the figure, two valence electrons are detached from the

sections for double photodetachment. Most of the studie€l™ ion following the absorption of a single photon. The

have focused on threshold behavior or resonance structuregaction can be written as

The first measurement of double photodetachment was made

by Donahueet al.[6], who investigated the threshold behav- y+CI(i)—=CI"(j)+2e", (1)

ior of the cross section for double detachment from the H

ion. Similar measurements were made later on the metastabréhere(i) and(j) denote the internal energy states of the Cl

He™ ion by Baeet al.[7] and the stable K ion by Bae and and CI ions, respectively. The initial staté) is always the

Petersori8]. All three experiments employed lasers to detach3s?3p°® 'S ground state of Cl but the final statéj) may be

a pair of valence electrons. More recently, synchrotron radiathe ground state or any excited state of Ctlepending on

tion has been used to investigate more energetic processd® energy of the absorbed photon. Over the range 20—40 eV,

involving inner-shell excitation and detachment from nega-possible final-state configurations ares?3p*, 3s3p°,

tive ions. Kjeldsenet al. [9] reported on the first measure- 3s23p>nl, etc. (throughout this paper the Ne-like core will

ment of a cross section for double photodetachment over ape omitted from configuration labels since it is inert in the

extended energy range. In this experiment the cross sectioange of photon energies used in this work the present

for the production of LT ions following the absorption of a experiment, the detection of the Tions was nonselective
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I CI" ion will be either the ground state or an excited state,
40 Cl+e ClI*+2¢e” depending on the photon energy. In principle, a Cl atom in
55 L 3?"6 M either core-excited or doubly excited states may also make a
. radiative transition to a bound state of the Cl atom, produc-
or © 2 ing neutrals that are not detected in the experiment. How-
- 25} - ever, the radiative branching is expected to be very small in
g . @ = the present case. Thg cqmbined two-step, nonresonant pro-
s | @ v v cess is represented in Fig. 1 by first a transition from the
w15 - Y @ ground state of Cl into a single-electron detachment con-
10 Y tinuum, which results in the population of a core-excited or
£l Y doubly excited state of Cl. These unstable states then rapidly
I decay into the two-electron detachment continua and the re-
oL E— 3s"3p° sulting CI" ions are detected. Some of the structure observed

in the measured double photodetachment cross section is un-
FIG. 1. An energy-level diagram covering the range of the ex-doubtedly associated with this mechanism.
periment. It shows resonant and nonresonant transitions from the Resonant mechanisms may also contribute to the structure
ground state of the Clion into the single and double detachment in the cross section. In these processes a core-excited state or
continua. The production of Clions via the direct and the indirect a doubly excited state of the Tlion is first produced by
nonresonant processes are labeled 1 and 2, respectively. The dirgzhiotoabsorption. This state is embedded in both the single
and indirect resonant processes that result in the production‘of Cland double detachment continua. In the direct resonant pro-
ions are labeled 3. cess the resonant state interacts with the double electron con-
tinuum and two electrons from the valence shell are de-
with regard to the internal energy state. The data obtained itached. In the indirect resonant process the resonant state
the experiment therefore represents the sum of all the partiahteracts with the single detachment continuum. The decay
cross sections associated with the different final states aff the resonant state by autodetachment results in a single
CI™. The R-matrix calculation predicts that the direct non- detached electron and a residual Cl atom that is left in a core
resonant detachment of two valence electrons from 8l  excited or doubly excited state. The resonant two-step pro-
the dominant process in the energy range studied, indicatingess can be written as
a high degree of correlation between the six electrons in the

closed 3 subshell v+ CI(i)—Cl (j)
The indirect nonresonant process, labeled 2 in Fig. 1, in-

volves the formation of an intermediate core-excited state or Cl(j)—Cl(k)te™

doubly excited state of the Cl atom. The nonresonant reac-

tion is a two-step process that can be written as Cl(k)—CI*(l)+e. ®)
y+CI7(i)—ClI(j) +e” Here (i) and (j) denote the internal energy states of the Cl

ion and(k) and(l) represent the internal energy states of Cl

Cl(j)—Cl*(k)+e. 2 and CI', respectively. At certain photon energies, the Cl

ion will be excited from its 3°3p® 1S ground state into a
Here (), (j), and(k) denote the internal energy states of thecore-excited or multiply excited state P symmetry with
Cl~, Cl, and CI' systems, respectively. The stditgis again  configurations of the type 3p°nl, 3s?3p*nin’l’, or
the 3s?3p°® 'S ground state of Cl. A 3s core vacancy in  3s23p3nin’l’n”l”. Such states are embedded in one-
CI™, formed by detachment, is transferred to the Cl atomelectron detachment continua. Their decay will populate cor-
The transient intermediate state of Cl is therefore a coreresponding core-excited and doubly excited states of the Cl
excited state, labele() in Eq. (2). Core-excited states of Cl, atom, as in the nonresonant process. These states, in turn, are
for example, will have configurations of the type3p°nl. It  embedded in two-electron detachment continua and their de-
is also possible that the detachment of a singtevalence cay by electron emission will produce Clons in a variety
electron from CT is accompanied by the excitation of two of states. Double detachment in the energy range 20—40 eV
other 3 electrons into higher orbitals. In this case the inter-involves the ejection of either twogvalence electrons or a
mediate statdj) of the Cl atom would also be a doubly single 3 core electron and a singlep3salence electron. The
excited state with a configuration of the typs?3p°nin’l’. combined direct and indirect resonant processes are labeled 3
A number of core-excited states and doubly excited states ah Fig. 1.
Cl have been identified in the energy region from 20-40 eV  The R-matrix method was used in this study to calculate
in previous experiments involving the photoionization of thethe cross section over the range of energies used in the ex-
Cl atom[18,19 and collisions of CI projectiles with gas- periment. This theoretical method was initially developed to
eous targetf20,21. In the second step shown in E), the  study electron-atom scatterif@2]. However, in the half-
core-excited and doubly excited states of Cl decay by eleceollision concept the processes of photodetachment and
tron emission. The decay of a core-excited state is usuallglectron-atom scattering are equivalent, and soRdmeatrix
referred to as an Auger decay. Again, the final stit®f the  method has also been used effectively on many occasions to
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FIG. 2. A schematic of the apparatus showing the counterpropagating beams of negative ions from the ion source and photons from the
synchrotron source. The collinearly merged beams interact in the biased interaction region. The spatial overlap of the two beams is measured
by the beam profile monitors.

describe the process of photodetachment. In the present cdlat might be present in the double photodetachment cross
culation of the cross section for the production of Gbns  section. No narrow resonances were predicted in the 20—42
from CI” ions in the double photodetachment process weeV range used in the experiment but several strong and nar-
employed am= 3 physical orbital basis and used multicon- row resonances were predicted just below 20 eV.
figurational expansions of the neutral Cl atom state in the In order to calculate the contribution from the direct
scattering calculation. Thesl2s, 2p, 3s, and 3, Hartree- double photodetachment cross section alone, we added to-
Fock orbitals of Clementi and Roef23] were employed in  gether only those partial cross sections involving final states
the calculation. An additional & orbital was included. The that lie above the Cl(3s23p*) ground-state threshold. The
parameters associated with thd Brbital were determined calculated electron affinity of 3.23 eV was in reasonable
by energy optimization on the appropriate spectroscopic stategreement with the accepted experimental value of 3.612 724
using the CIV3 structure code of Hibb§a4]. Details of this eV [1].

energy optimization process is given in the work of Ohja and

Hibb(_art [25] and will not_ be elabo_rated on here. The_ afore- Ill. EXPERIMENTAL PROCEDURE
mentioned spectroscopic=3 basis that was used in the
calculation will be referred to as basis In the experiment, we used the 10.0.1 undulator beamline

The electric-dipole selection rules limit the final states toat the ALS synchrotron radiation facility situated at the
1p% symmetry since the ground state of (las 'S symme-  Lawrence Berkeley National Laboratory. The measurement
try. Hence, in the L-S coupling scheme, only doublet stategvas performed at the ion-photon-beam endstation, 10.0.1.2.
of the neutral Cl complex can couple to the outgoing con-A schematic of the apparatus is shown in Fig. 2. A more
tinuum electron §5,e,,2q, . . . ) toyield the *P? scattering ~ detailed description of the apparatus can be found in a recent
states. Photodetachment cross sections were determined paper by Covingtort al.[29]. A beam of negative ions from
the L-S coupling scheme using scattering codes developeal low-energy accelerator was collinearly overlapped with a
for the InternationaR-Matrix/Opacity Iron Project and the beam of vacuum ultraviolet photons from the synchrotron
RmaX projec26—28. The wave functions representing the source. The two beams were merged in a counterpropagating
scattering state were generated by allowing three-electrogeometry. The Cl ions were produced in a sputter ion
promotions out of specific base configurations. The neutragource, extracted at an energy of 5 keV, and focused by
Cl target state$36 in tota) that were included in our work, means of a series of cylindrical electrostatic lenses. The ion
using basisA, were generated from the following electron beam was then momentum selected using a 60° analyzing
configurations(the Ne-like core is inert in the energy range magnet. The cross-sectional area of the ion beam was defined
studied in the experiment and is therefore suppressed in tHey a pair of adjustable slits mounted in a plane perpendicular
notation: 3s?3p°, 3s?3p*3d, 3s3p®, 3s3p*3d?, to the direction of propagation of the ion beam. The ion
3s?3p®3d?, and 33p°3d. The scattering calculations were beam was then merged onto the axis of the counterpropagat-
carried out using 40 continuum orbitals, which wereing photon beam using a set of 90° spherical sector bending
Lagrange orthogonalized to these physically bound orbitalsplates. The primary ion beam then entered a 29.4 cm long
In the R-matrix photodetachment calculations a boundary ra<ylindrical interaction region which was biased-a2 kV in
dius of 35.8 Bohr radii was required to contain the electronorder to energy label the Clions produced as a result of the
density of then=23 basis. Triple electron promotions from photon-ion interaction. These ions had an energy of 9 keV
these base configurations were used to represent wave funafter they left the interaction region. The energy labeling of
tions of the scattered electron. In the outer region, the calcuthe CI* ions produced by photodetachment enabled us to
lation of the scattering of an electron from the Cl atom weredistinguish them from the Clions produced in double de-
carried out with an energy mesh sufficiently fifepproxi- tachment collisions of Cl ions with the residual gas along
mately, 1.36 meVYto resolve any narrow resonance structurethe unbiased region of the beam line since they had an en-
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ergy of 5 keV. The collisional background contribution was BT T T T
also reduced by maintaining a vacuum ok 50" torr in
the beam line. [
In the center of the interaction region, the spatial overlap 29[
between the ion and photon beams was measured using
stepping-motor-driven slit scanner. Rotating-wire beam- ©
profile monitors were used just upstream and downstream of
the interaction region to ensure that the two beams were well §
collimated over the entire interaction region. The fine tuning g
of the overlap of the two beams was achieved by using two g
sets of mutually perpendicular electrostatic steering platesg
mounted immediately behind the plates used to merge the
ion beam onto the axis of the photon beam. This procedure
allowed us to measure the beam overlap quantitatively and
use it to establish an absolute scale for the cross-sectiondate f , ., . ., ., .\, . ., .1
The efficiency for the detection of the photoions was mea- 20 25 30 35 40
sured to be 0.62. Absolute measurements were made at seve Photon energy (eV)
different energies across the cross-section curve. A small cor-
rection was made to the photon energy scale to account for FIG. 3. The measured cross section for the production 6f Cl
the Doppler shift associated with the moving ions. ions from CI" ions in the double photodetachment process. The
After the interaction region, a 45° analyzing magnet wascross-section scale was established by making absolute measure-
used to separate the energy-labeled positive ions produced H%f“ts(de”"ted by the open squares the six energies shown. The
photodetachment in the interaction region from the primaryP oton energy scale is measured relative to the ground state of Cl
negative ion beam and the positive ions produced in colli-

sional detachment. The photoions had an energy of 9 ke\fig. 3. The relative cross-section data were taken over the
whereas most of the positive ions produced in collisions withrange 20—42 eV. The cross-section scale was established by
the residual gas had an energy of 5 keV, as determined by thiaking a series of seven absolute measurements over the
extraction voltage at the ion source. The photon beam wagange 20—45 eV. These data points are indicated by the open
modulated at a frequency of 6 Hz using a computersquares. The error bars on the absolute data points represent
controlled shutter in order to discriminate against the smalthe systematic uncertainties in the measurements. These are
collisionally induced background of 9 keV positive ions cre- estimated to be- 20%. The threshold energy for the double
ated in the interaction region. The 9 keV phOtOiOﬂS Wer%hotodetachment process in the case of @& 16.60 eV.
further deflected, in the vertical dispersion plane, by use of nfortunately, it was not possible to accumulate high-quality
set of 90° spherical-sector bending plates. This was done t@ata below 20 eV in the present experiment due to the rapid
minimize any background arising from the collection of the drop-off in efficiency of the grating used to monochromatize
primary negative ion beam. The dispersed” Gihotoions  the synchrotron radiation. Since tRematrix calculation pre-

then entered a negatively biased box surrounding the detegicts strong resonances in the region just below 20 eV, we
tor. Inside the box, the ions struck a metal plate and produceghade a search for them in the experiment. Due to the low
secondary electrons. These secondary electrons were accefficiency of the grating, the statistical quality of the data
erated toward a microchannel plate detector operating with iom 16—20 eV was poor. There was, however, a clear indi-
positively biased anode. The pulses generated by the elegation of the presence of several strong and narrow reso-
trons were amplified and passed through a single-channglances. These resonances are associated with configurations
analyzer to discriminate against electronic noise. The outpusf the type 3 3p*nin’l’. In Fig. 4 a comparison is made

of the discriminator was converted to TTL pulses andpetween the seven data points representing the measured ab-
counted with an 1/0 board in a PC-based data acquisition angolute cross section and cross sections predicted by the
control system. Typically, the Clion-beam current in the R-matrix calculations. The photodetachment calculations in-
interaction region was several hundred nanoamperes. Thglved 36 close-coupled states of the Cl atom usingrthe
magnitude of this current was monitored and used to normal=3 hasis sefA. The upper theory curve contains contribu-
ize the yield of photoions. Similarly, the photon intensity wastions from both the direct and indirect processes that lead to
monitored for normalization purposes using a calibrated Sg|+ production following the absorption of a photon by a
p-n junction photodiode. The analog outputs of the monitorsC|~ jon. The lower curve represents only the direct process
of the ion-beam and photon beam intensities were digitizegor CI*. It is clear from the figure that the direct process
and counted. The normalized photoion signal was proporgominates the double photodetachment of @ this energy
tional to the double detachment cross section. region.

The overall shape of the measured cross section agrees
well with the presenR-matrix calculation. The shape of the
measured cross section also agrees with that of the previous

The measured cross section for the double photodetactRPA calculation of Radojeviet al.[14]. Again, the center of
ment of CI' over the energy range 20-45 eV is shown inthe relatively broad peak of the measured cross section is

0.5

IV. RESULTS
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O prCACEn form Rydberg series that converge on trs8B°(°P) limits.
a5l ] The 3s3p°® °P state of Cf', for example, lies 28.17 eV above
' Cr* (3s%3p* 'D) the ground state of the Clion. One therefore expects to find
30l ] core-excited states of Cl with configurations of the type
= CI" (3s3p* 'S) 3s3p°nl just below this energy. Similarly, a series of core-
= 25f 1 excited states should converge on tre8@° P parent state
5 20 of CI*, which should lie a little higher in energy than the
B 3s3p° 3P state. There are indeed many structures in the mea-
o 156 sured cross section that might correspond to the opening of
8 detachment continua associated with these states. There are
O 1ot fewer steplike features in the calculated cross section in this
region. TheR-matrix calculation is limited to a basis set that
05F : includes orbitals with principle quantum numbers not ex-
ook ] ceedingn= 3, which explains why more structure is seen in
, , , , , , , , the measured cross section than the calculated one. Thoft
15 20 25 30 35 40 45 50 et al.[20] measured the energy of the®p°(1P)4s state to
Photon energy (eV) be 23.45 eV, with respect to the Cl ground state or 27.06 eV

, ) above the ground state of Cl There is clearly structure in
ons vin he process of double phtodeiachment. Tne tower dortel] . MeaSUred cross section at this energy. Taol. 20]
line re resenF')[s thB-matrix calchI)ation for the dire.ct resonant and Iso measured the energies of thes365(1P)4p and

b 3s3p°(1P)3d states to be 24.70 and 25.68 eV, respectively.

nonresonant processes. The addition of contributions from the indl.—l_ dt . f28.31 and 29.29 eV.
rect resonant and nonresonant processes results in the upper sojges'3 COrresponad to energies o -=oLan =9 €V, respec-

line. The seven data points represented by the circles are absolutﬂé(elyz relative to the CI ground sta_tte. Again, there is s_truc-
measurements of the cross section. The photon energy scale is mé4/€ in the measured cross section at these energies. The
sured relative to the ground state of CIThe energies of the ground ©€nergies of members of thes3p°(*P)np Rydberg series
and excited states of Clare indicated by the small vertical lines. Were measured in the photoionization experiment of van der
Meulen[18]. They range from an energy of 25.681 eV for
slightly higher than that predicted by the RPA calculation.then=4 member to a series limit of 28.157 &¥ll energies
The magnitude of the measured cross section at its peak &e relative to the ground state of Gl There is a lot of
about 2 Mb. TheR-matrix calculation predicts a maximum structure in the measured cross section over this energy
cross section of about 1.8 Mb. Clearly, there is good agreesange, some of which probably coincides with the core-
ment between the experiment and theory. The RPA calculaexcited states of the s3p°(°P)np series. It is clear that
tion predicts a somewhat lower maximum cross section ofhere is a substantial overlap of the different Rydberg series
about 1.2 Mb, which is outside of the experimental uncer-and configuration interaction will preclude the use of pure
tainty. single-electron configuration labels in some cases. The ener-
The measured relative cross section shown in Fig. 3 hagies of doubly excited states of Cl of the typg?3p3nin’l’
been smoothed, but still exhibits many weak and broad struowvere also reported by van der Meulenal. [18] and Thoft
tures. It is suspected that the structure in the cross section &t al. [20]. In these states two electrons are coupled to the
the range 20—42 eV arises from the direct and indirect resa3s?3p3(*S,%D,?P) cores. One therefore expects many dou-
nant processes and indirect nonresonant process describedbily excited states of Cl in the energy range 20-40 eV and
the theory section, but it is essentially impossible to distin-some of the steplike structures in the measured cross section
guish between the resonant and nonresonant mechanismsiatthis region are probably associated with these states.
the present level of counting statistics. The nonresonariEighteen unidentified resonances in the energy range 28.66—
mechanism involves core-excited and doubly excited state81.23 eV (with respect to the Cl ground state were re-
of the Cl atom as intermediate states in the two-step decaported by van der Meuleat al. [18]. They are suspected to
process leading to the production of 'Cions. Many core- have configurations of the types®Bp3nin’l’. Thoft et al.
excited and doubly excited states of Cl are known to exist if20] also measured the energies of doubly excited states with
the energy range of the present experiment. Much of theonfigurations of this type over the energy range 25.73—
structure in the cross section is undoubtedly associated witR9.25 eV. These states involved 4nd 3 outer electrons.
these unstable states of Cl. Whenever the energy of the pho- Another source of structure in the double photodetach-
ton coincides with the energy of one of the core-excitedment cross section could be resonances associated with the
states or doubly excited states of Cl, one expects there to Hermation and decay of core-excited or doubly excited states
a step in the cross section associated with the threshold coof Cl™. At certain photon energies the Tion will be ex-
responding to the opening of a new continuum channel. Theited from its 323p® 'S ground state into core-excited and
energies of core-excited states of Cl of the tymSPnl multiply excited states of P® symmetry with configurations
have been determined in photoionization experiments by vaof the type 33p°nl,3s3p°nin’l’,3s23p*nIn’l’. The auto-
der Meulenet al.[18], Cantu and Mazzor{il9], Thoftet al. ~ detaching decay of such states give rise to corresponding
[20], and Anderseet al.[21] in ejected electron spectra aris- states of the Cl atom. As mentioned earlier, these unstable
ing from collisions of CI' with rare-gas atoms. Such states intermediate states predominantly decay by electron emis-

022711-6



DOUBLE PHOTODETACHMENT FROM THE CI ION PHYSICAL REVIEW A 69, 022711 (2004

sion to form CI" ions. A careful search for narrow reso- Significant contribution to the cross section at the energies
nances in the cross section was made under conditions §fudied in the experiment. THematrix calculation predicts

high-energy resolution and small step size. Only weak structhat the dominant nonresonant mechanism is the direct and
tures were observed and it is not clear in most cases whethBghly correlated process of detaching a pair of valence elec-

they represent resonances or thresholds. Reneatrix calcu-  rons from the closed 8 subshell of the Cl ion. Less sig-
lation. which is limited to am=3 orbital basis set. does not Nificant is the indirect nonresonant process that involves the

predict strong resonances in the cross section in the ran O‘lu‘ét.'t(;g 2?a(1edseg?}t/hzf cl;r}tgzgqnid%t]i ?;)rreée;clﬁ]ebde?ggsd%lﬂ]-
20-45 eV. There are several possible explanations for th y excl ' ge nu o

lack of prominent resonances in the QGlouble photodetach- states in Cl appear, however, to be responsible for much of
P X . photodet the steplike structure seen in the measured cross section. The
ment cross section. Core-excited states of negative ions us

. : ) ) . Hiagnitude and shape of the measured absolute cross section
ally interact most strongly with nearby continua, in which

h todetached elect & onl I : grees well with the presefmatrix calculation.

€ autodetached electrons carry oft only a smail amount o Multiple electron detachment following the absorption of
energy. The corresponding partial cross sections will be thg single high-energy photon is a process that can yield im-
only ones that are strongly modulated by the resonance strUf-

If th lot of ited fthe CI . portant information on the structure and dynamics of nega-
ture. [T there are a lot of core-excited states of the Cl atom Iy o jong | general, this highly correlated process involves

the energy region studied, there will be many unresolve he ejection of two or more valence electrons and/or the ejec-
partial cross sections that are only weakly modulated. Unde'trion of one or more inner-shell electrons. In the near future,

these condition_s, the resonant structure in the few stronglvve intend to extend the present measurements involving the
modulated partial cross sections tends to get “washed out” iNyetachment of two electrons from Clo the higher-order
the summation. It is also possible that core-excited resonal ocess in which three or more electrons are detached

states of CI are strongly damped by the autodetaching de-

cay process. In this energy region, resonant states ofn@l ACKNOWLEDGMENTS
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