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We have observed resonance structures in detached electron spectra arising from fast collisiorandf Li
B~ ions with gas targets. The structures are associated with the autodetaching decay of shape resonance states.
Using Shore parametrization, we obtain resonance energies and width€paba 6425) meV, respectively,
for the Li (2s2p®P) state and 108) and 6825 meV, respectively, for the tentatively identified
B~ (2p?'D) state. Other resonances in Bemain unidentified.

PACS numbsd(s): 34.50.Fa, 34.50.Pi, 34.80.Bm

Resonance structure has been detected in the detachadteristic of atoms and positive ions where the long-range
electron spectra produced when 100-keV bind B projec-  Coulomb force dominates. Although very few bound states
tiles collide with He and Ar gas targets. This structure isof negative ions exist, many unstable excited states have
associated with the transient formation and subsequent autgeen found embedded in continua associated with an atom
detaching decay of low-lying excited states of the negative-

ion projectiles. The resonance in"Lis a shape resonance +0.25 7
identified with the 32p3P state. Although this state has //
received considerable theoretical attention, particularly in the 202p%P
context of electron-atom scattering, it has never previously )
been observed experimentally. The newly observed reso- O0F s I

nances in B cannot be positively identified at this time due Li

to lack of supporting theoretical information. It is suspected,
however, that they are also shape resonances the parent states
of which are the 822p2P ground state of the B atom and
possibly low-lying excited states such as the core excited
2s2p?“P state. In some cases, the collisional production of
these resonance states involves spin exchange.

Negative ions differ intrinsically in their structure from
isoelectronic atoms and positive ions. This difference can be
traced to the manner in which the outermost electron inter- Li-
acts with the rest of the atomic system. In the case of nega-
tive ions, the short-range binding potential typically supports
a single bound state, in contrast to the infinite spectrum char-
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FIG. 1. Partial energy-level diagram for the Li and Lsystem.
ResonantR) and nonresonarNR) detachment is shown. Th&®
*Permanent address: Physics Department, Chalmers University ghape resonance decays via autodetachf@em¢aving the residual
Technology, Gothenburg, Sweden. atom in the ground state.
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FIG. 2. Zero-degree electron-energy spectrum for 100-keV Li
ions incident on a He gas target showing the central cusp peak and
the kinematically doubled resonance structure. The solid curve 4
through the data points represents the best fit obtained using)Eq.
and the bottom curve indicates the contribution of the shape reso-
nance including interferendsee text

(B) 100 keV B~
on Ar
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and a free electron. Such states are subject to rapid decay by LA;ORATORY7ELECTROL0ENERGY1(2V) °
the spontaneous process of autodetachment. The decay of the
resonance state is manifested by a structure in the detach-
ment cross section arising from an interference between the FIG. 3. Zero-degree electron-energy spectra for 100-keV B
nonresonant and resonant pathways to the same continuuans incident on th¢A) He and(B) Ar gas targets showing the cusp
state. Figure 1 shows a partial energy-level diagram for thé2) and the kinematically doubled resonance pedks)( The solid
Li and Li~ system in which the interfering resona®) and  curve through the data points represents the best fit obtained using
direct or nonresonarNR) pathways are indicated. Eq. (1) and t.he bo.ttom. curve ifB) is the contribution of the .shape
Shape resonances lie energetically just above their paref@Sonance including interferendeee text Weaker and higher-
atom statdsee Fig. 1 and occur when an electron is tempo- Ying resonances are displayed in the insetAf.
rarily trapped in a potential well arising from a combination
of the repulsive centrifugal force and the attractive shortawere nonselectively populated in negative-ion—atom colli-
range force due to the polarization of the parent atom. Bucksions. The apparatus used in the present experiment was a
man and Clark[1] have recently published a review of variation of a crossed laser-ion beam apparatus previously
negative-ion resonances, further information on excitedutilized in photodetachment studigt3]. Positive ions were
states of negative ions can be found in the monograph gfroduced in an ion source, extracted to form a beam, and
Masseyf 2] and the reviews of Andersgfl] and Esauloy4].  finally accelerated to an energy of 100 keV. Negative ions
The pioneering experiments on negative-ion resonancesere created by sequential double electron capture collisions
involved electron-atom collisions where structure was obwhen the beam of positive ions traversed a Li vapor charge
served in the elastic scattering cross sections whenever axchange cell. Upon charge-state analysis, the negative-ion
electron was temporarily captured by the atom. An authoribeam component was deflected by 10° into a beam line con-
tative review of this field has been presented by Schb]z taining a gas target cell and a spherical-sector electron spec-
These highly unstable states can also be observed whent@meter. The spectrometer was operated in a constant trans-
beam of negative ions is passed through either a laser field anission energy mode with an energy resolution of about 0.3
a gaseous target. In photodetachment studies, negative ioa¥. Data were taken under single collision conditions. In the
are selectively photoexcited by the use of a laser beam matgatesent 0° detached electron spectroscopy, electrons pro-
to the ion beam in either a crossed or collinear geometryduced in negative-ion—atom collisions in the target cell were
Shape and Feshbach resonances were, for example, obsenamtlected in the forward directiofdirection of motion of the
in the cross section for photodetachment of the idn by  iong) and energy analyzed. The major source of background
Bryant and his collaborator6] using a crossed beam ar- in the present experiment was due to electrons produced in
rangement. The £2p?*P shape resonance in Héas been collisions of the beam ions with residual gas molecules and
studied by Petersoat al. [7] using a collinear beam geom- beam-defining apertures. This background contribution was
etry. The ions of a fast beam can also be excited to resonaneketermined by accumulating spectra without gas in the target
states by collisions with atoms in a gas target. Early reviewsell. The remaining spectrum consisted of two parts: a con-
of this nonselective, heavy-particle impact technique havdéinuum associated with direct or nonresonant collisional de-
been presented by EdwarfB] and Risley[9]. More recent tachment of the beam ions by the target gas and discrete
work includes investigations of shape resonances inbid  structure arising from electron detachment via intermediate
Andersenet al. [10] and Penentet al. [11] and He by  resonance states.
Zavodszkyet al. [12]. A background-corrected electron spectrum, produced in
In the present work, the low-lying shape resonance state$00-keV collisions of Li" projectiles with a He gas target, is
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shown in Fig. 2. Similarly, in Fig. 3 we show spectra result-Gaussian The resulting calculation of the predicted electron
ing from 100-keV collisions of B with both He and Ar gas yield was then used to extract the resonance energy and
targets. All spectra exhibit a cusplike peak situated at thevidth as well as the other parametegs (s, a’s, and 8's)
reduced ion beam energgorresponding to electrons travel- ysing a least-squares fit. As a test of the procedure we first
ing with the same velocity as the ionand a kinematically  analyzed a detached electron spectrum obtained in collisions
doubled pair of resonance peaks that are almost symmetrgf 100-keV He ions with a He gas target. Our measured
cally disposed about the central cusp. The cusp arises in théhergy and width of the 2p24P shape resonance in He
ion-to-laboratory-frame transformation of the direct thresh-gre in good agreement with those obtained bydgiszky

old cross section. In principle, both resonant and direct singl@t a1.[12], who used a similar experimental method and data
detachment cross sections should be zero at threshold f@haysis approadiEq. (1)]. Our measured values also agreed
negative-ion projectiles. In practice, however, the finite enyye|| with the more accurate results obtained by Wadteal.

ergy and angle acceptances of the electron spectrometer cgfb) who employed photoabsorption to selectively excite
contribute to the cusp, since post-threshold electrons are Uihjs resonance state. The agreements with the resuits of Refs.
avoidably collected. In addition, in noncoincident measure{12] and[19] thus gave us confidence in our ability to extract
ments such as these, a small contributiestimated to be meaningful resonance parameters from detached electron
less than 10%to the cusp arises from one- or two-step spectra using the Shore parametrization method.

double detachment processes. _ _ The solid curve through the data points shown in Fig. 2
The objective of the data analysis is to extract informationyepresents the best fit obtained by using EX. This fit

on the parameteréenergies and widthsof the resonances yields a resonance energy Bf=50(6) meV and a width of
from the detached electron spectra. In the present work thF:64(25) meV. The larger error quoted on the resonance
spectra were analyzed by use of a parametrization methqgidth reflects the sensitivity of this parameter to the uncer-
first introduced by Shor¢l4] and later developed by Bal- tainty in our knowledge of the spectrometer energy resolu-
ashovet al. [15] and McDonald and CrowgL6]. The Shore  tion. The contribution from the resonance is shown in the
parametrization process is equivalent to the more commonlyottom curve in the figure. It can be seen that there exists
used Fano parametrization metHdd], but is easier to apply  appreciable destructive interference in the region of the cusp
in cases of nonselective excitation. This method of anaWS'%orresponding to the threshold region in the ion frame. This
has been successfully applied by Anderseal.[10] and by  could possibly be due to the presence of a virtual state such
Zavodszkyet al.[12] in their investigations of detached elec- 55 the theoretically predictedS state[20]. The extracted
tron spectra arising from negative-ion—atom collisions using,ajues of the resonance parameters allow us to identify the
H™ and He projectiles, respectively. _ observed structure with thes2p P shape resonance state in
The first step in the procedure is to model, in the resf i~ which, until now, has defied experimental investigation
frame of the ion, the expected double differential cross secayen though it has been the subject of numerous calculations
tion (DDCS) for electron production. In this model, the non- gyer the past few decades. The reason for this inbalance can
resonant contribution is typically presented in terms of paryg traced to the experimental difficulty of detecting the very-
tial wave expansion with Legendre polynomials, where thqqoy.-energy electrons ejected in the autodetaching decay of
contribution from each partial wave with angular momentumine |ow-lying resonance state and the fact that the state is not
| is determined by the emission ang$ and velocity ¢) of  efficiently optically coupled to thé'S ground state of Li,
the ejected electron in the projectile ion frame. The ioN-therepy prohibiting photodetachment studies. To overcome
frame DDCS is then parametrically written as these problems we have collisionally populated the state and
have used a beam source in order to exploit the kinematic

d2o o \" ae+ amplification of electron energies inherent in emission from
= a,| —| Pi(cosp)+ ing ions. i
dEdQ &, an Up) (cos9) Tre? (1) fast moving ions. For example, in the present measurements

at 100 keV, the ratio of the energies of the detached electrons
in the laboratory frame to those in the ion frame was more
wherev , is the projectile ion velocity and=2(E—E,)/I'is  than two orders of magnitude. Table | shows the present
the reduced energy variable for the electron endidy the  results compared with some theoretical predictions. It can be
ion frame.E, andT, respectively, represent the energy andseen that the agreement is good for both the resonance en-
width of the resonance andandg are the Shore parameters ergy and the width. The calculation of Fabrikd®tl] em-
that describe the shape of the resonafustermined by in- ployed an effective range theory while the calculation of Sin-
terferencg The parametera andg are, in general, functions failam and Nesbeft20] used a variational approach.
of v and 6, but in the present analysis the angular depen- As shown in Fig. 3, we have also observed resonances
dence was assumed to vary linearly wittfrom a forward  corresponding to the autodetaching decay of excited states of
value to a backward one while the velocity dependence waB™~ produced in collisions of 100-keV Bions with He and
assumed to be constant in fast collisions such as these. In th¢ gas targets. The inset represents a more detailed study of
expression for the direct detachment contribution anind  the higher-energy resonancgseaksc—g). Our analysis of
p waves were retained and termsre$2 were neglected. the detached electron spectra, using the Shore parametriza-
The procedure used to calculate the predicted electrotion method, has yielded an energy of ®4meV and a
yield was to first transform the ion-frame DDCS into the width of 6825) meV for the resonance associated with the
laboratory-frame integrating over the finite range of speclowest-lying peaks lf=). These peaks, and all the other
trometer acceptance anglgk8] and then convolute the re- peaks, are kinematically doubled and shifted in the spectra.
sults using the spectrometer response functfoond to be  We are unable to positively identify the newly observed reso-
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TABLE I. Theoretical €™ and I'"°) and experimental sibilities. We tentatively propose, based on the measured en-
(EP™ andI'®®) energies and widthboth in the units of meYof  ergy, that the lowest-energy pair of peaks] is associated
shape resonance states in land B with the autodetaching decay of th@2'D shape resonance
state. In a simple model potential calculation, Hunt and Moi-

lon (stat9 S EP® rest seiwitsch[22] estimated this state to lie 450 meV above the
Li~(2s2p3P) 5 7R 50+6° 64258 parent B atom ground state. Froese Fis¢R2&f has recently

6P 570 demonstrated, however, that the inclusion of electron corre-

120 24° lation reduces the calculated value to 115 meV; a value in
B~(2p2P) 1ng 104+8°  68+25° closer agreement with the present res(dise Table)L

450 1F In summary, we have used a fast beam technique involv-

ing negative-ion—atom collisions to populate several low-

*Referencd21]. lying shape resonance states. The resonances, which appear
bReference 20]. as structure in the 0° detached electron spectra, are associ-
‘Referencd22]. ated with the autodetaching decay of the2p3P excited
YReferencd 23]. state of Li" and, as yet unknown, excited states of.Bhe
€This work. lowest-energy structure in the case of B tentatively iden-

tified with the 20?!D state. An appeal for further calcula-

nances in B due to the current lack of theoretical informa- tions in the case of Bis made.

tion. We suspect, however, that the peaks are, as in the case The research was supported by the U.S. Department of
of Li~, associated with the decay of shape resonances. Fémnergy, Office of Basic Energy Sciences, Division of Chemi-
the B~ resonances, the parent states are either theal Sciences, Contract No. DE-AC05-840R21400. Oak
2s?2p 2P ground state or low-lying excited states such as theRidge National Laboratory is managed by the Martin Mari-
core excited 82p?*P state. For example, in the former case etta Energy Systems, Inc. under contract with the DOE. One
the 25?2p?'P and 'S states would be candidates, while in of us (D.H.) wishes to acknowledge financial support from
the latter case thes2p®°®S, 3S, 3P, and D states are pos- the Swedish Wenner-Gren and Wallenberg Foundations.
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