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Observation of low-lying resonance states of He at the 2'S and 23S He thresholds
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We measured the cusp electron production associated with target ionization at the impact of a 400-keV pure
2 3S He beam and a mixed beam containing all three long-lived He states, 8,, 2 'S, and 23S. Using
the results of an earlier experime€uzel et al, Phys. Rev. A48, R1745(1993], we estimated the cross
section for both metastable states of He. We found that the cusp for iBes@te is much larger and sharper
than for the 23S state. The peaks are manifestations of excitation of low-lying virtual or weakly bound states
of the He ion at the 2'S and 23S thresholds[S1050-29477)50401-X]

PACS numbdis): 34.70+¢€, 34.80.Kw

Virtual resonance states in low-energy scattering of parvelocity of the electron in the projectile system afis the
ticles play an important role in nuclear and particle physicscharge of the projectilg6]. It has an I/’ behavior close to
They are, however, less known in atomic physics, probablyhe cusp maximum, and tends to unity at latge
because of the greater experimental difficulties in carrying Calculations made in the above picture predicted a small
out measurements with such low-energy electrons. Thesgnd broad peak for the shielded Coulomb poterffidl Sur-
resonances are expected to occur at the excitation threshafglisingly, Sarkadiet al. reported a narrow and pronounced
of certain metastable atomic states. For instance, a virtu@lysp in a coincidence measurement using® hpeojectiles
resonance of the H2'S) +e~ system was predicted by sev- [g]. To explain the ECC cusp production by neutral atoms,
eral theoretical work$l,2], and it was observed in the exci- seyeral models have been construcfg®—11. The most
tation function of Hd 3]. Due to this resonance, an e”hance'gromising among them is Barrachina’s concept that a weakly

ment of the elastic scattering cross section close to zerg,ny o low-lying virtual state of the™ + projectile system
energy is expected. This effect has not been demonstrated Rn be responsible for this effef11]. Using a previous
low-energy electron scattering measurements. However, em-

) . : theory of Garibotti and Barrachingl2], the enhancement
ploying atranslational electron spectroscopyethod, which factor of the final-state interaction can be expressed as
takes full advantage of the kinematic transformation of the_ " (2 N P
velocities from the projectile to the laboratory frame, allows ' (Y )=1/lfo(v")|*, wherefo(v') is thes-wave Jost func-
us to enhance this small energy scale, making it accessible {0 Of the low-energy electron-projectile system. In the
experiment. V|C|n|t3_/ of the cusp, this Jost function behaves fagv ’_)

Measuring the electron spectrum in ion-atom collisions in* (1+iav’)/a, leading toF (v')=a®/(1+a%'?). Herea is
the forward direction, a cusp-shaped structure is observed #te s-wave scattering length. As discussed above, a low-
the energy where the velocity of the electron matches that ding virtual state, characterized by a large scattering length
the projectile. This singularity can be attributed to the final-of about a~—330 a.u.[2], can be found at thee™
state interaction between the projectile and the electron. I He(2'S) system. With this value, the enhancement factor
the case of target ionization, this process is caéézttron F(v') turns out to be in good agreement with the cusp shape
capture to the continuunECC). The ECC effect was first measured by Sarkaéi al.[8]. In usual experimental condi-
observed at the impact of charged project{iék In the case tions where the neutral He beam is produced froni g
of charged outgoing projectiles, the ECC cusp can be exelectron capture, the Hebeam (henceforth the “effective
plained adequately in the framework of different continuum-beam”) contains not only ground-state but, e.(R4+4)%
distorted-wave and impulse theorigs] by means of a fac- metastable S and 2°S He as in Ref[13]. According to
torization of the double differential cross sectidDnDCS)  Barrachina, the cusp electron production can be attributed
d?0/dEdQ=F(v')d’s/dEdQ. Here d®o/dEdQ is a re- mainly to the 2S fraction of the beanj11]. In an experi-
duced DDCS, which does not include the electron-projectilenent by Kuzelet al. the metastable fraction of the beam was
final-state interaction. Thenhancement factor(®') reads changed systematically from O to approximately 24% by col-
F(v')=(2mZ,/v")I[1-exp(—27Z,/v")], wherev' is the lisional quenching in a gas cdll3], and the cusp electron
yield was measured as a function of the metastable fraction
[14]. It was found that the DDCS was about an order of
*On leave from Institute of Physics, Belgrade, Yugoslavia. magnitude larger for metastable He atom projectiles than for

1050-2947/97/54)/14(4)/$10.00 55 R14 © 1997 The American Physical Society



55 OBSERVATION OF LOW-LYING RESONANCE STATE. .. R15

NEsYS
SPECTROME‘%*—/“?G
/ .
; <
ROTATABLE SLIT ;///

FIG. 1. Scheme of the experimental setup.
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ground-state projectiles. Here, we report on a measurementined normalizing the electron yield in the cusp region of
in which the cusp electron production for théand S  the present measurements to the data of Ré. In addition
He metastable states has been distinguished. to the statistical error of our data, the absolute scale contains

In order to achieve this separation of the cusp electroran uncertainty of 25%, which is not indicated in our figures.
production for the two metastable states, we prepared th€he shapes of the two cusps are very different: The cusp for
neutral He beam from He ions by collisional electron de- the effective beam is much narrower and sharper than that
tachment in a gas cell. These Heons exist only in a*P for the He triplet beam.
state with all three spins parallel. Therefore, since magnetic The ratio of the two DDCSs integrated in the range be-
interaction is negligible during the collision, the electron-tween 0.&s,and 1.E,is
detachment process must lead to a putg& Ple beam.

The experimental setup is shown in Fig. 1. The 400-keV 0335/ 0=0.99+0.03. 1)

He™ ions were obtained by the 1-MV Van de Graaff genera-

tor of ATOMKI. The beam transverses a gas cell in which airAssuming that the metastable fraction of the beam is 24%
has been introduced. In this cell a fraction of the beam i§13], we can approximateé in the form

changed to He and sorted out by an electrostatic charge-

state selector, which has a movable 2-mm slit. We applied an 0eii~0.24r0515+ (1—r)0,35]0.7607 15 2
additional gas cell after the selector to detach electrons from

He™ and produce 3S He®. Any remaining charged compo- wherer is the fraction of 2S states in the metastable part of
nents were deflected with an electrostatic field behind thishe effective He beam. This equation is also valid for the
cell. To reduce the Hé contamination in the beam, which doubly differential cross sections. In R¢l4] it was found
can be produced by collision with the residual gas atoms irthat

the collimator region, we used a second deflector just in front

of the target. The fraction of Heions in the incoming beam Ol 01 15~3.2. 3
was negligiblg(less than 1% The beam was collimated with

two 0.5-mm apertures separated at a distance of 200 mnTherefore

Our spectrometer was a double stage cylindrical mirror ana-

lyzer [15], which is combined with an electrostatic lens sys- 0515~[3.170¢— (1—r)0535]/r. 4
tem[16] in order to improve the electron yield. The angular
and relative energy resolution of the spectrometer was . . . .
®=2° (half angle and 0.6%, respectively. The outgoing %
particles were charge-state analyzed after the collision and %
detected by a particle detector described in R&7]. The %
cusp belonging to target ionization was identified, measuring

the electrons in coincidence with the outgoing neutral He
atoms.

The effective beam was produced by selecting thé He
fraction of the beam with the beam selector, while all the
other conditions remained the same. As a target, we used Ar
gas that effused through a thin needle. We performed the al # i% ﬁ
measurements at three different target densities. The corre- iiii & ggiﬁii
sponding values of the overall chamber pressuitgich was | % §§§§§§ a3 §<}§ 3 §§§§§§§ i |
found to be proportional to the target density in our previous g§§§§ ¢ t
investigationg were 3.2, 6.8, and 2210 ® mbar. We found QIQQ . . . . .
that the electron yield was a linear function of the target 44 48 52 56 60 64
density, and, therefore, we simply took the average of the ELECTRON ENERGY [eV]
spectra, which were normalized to the target thickness. The
base pressure in the target chamber waslé™ ' mbar. FIG. 2. Double differential cross section at the impact of a 400-

The measured DDCS for the®5 beam and for the effec- keV 23S He beam and a mixed He beaisee the tejton an Ar
tive beam is shown in Fig. 2. The absolute scale was detetarget.
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FIG. 3. () Double differential cross section at the impact of  FIG. 4. Measured DDCSs at the impact @ 2'S and (b)
400-keV 2'S and 23S He on Ar. The 2'S spectrum was obtained 2 3S He beams on Ar, compared with the calculated enhancement
using Eq.(4). (b) Enhancement factors for the's, 2 'S, and factors. The notation of the curves: full line, exact treatment of the
2 3S He states, integrated for the angular and energy resolution of~ +He scattering; dotted line, result of fitting with Lorentzian
the electron spectrometer. F(v') function.

Since the shape of the cusp in the case of the effective bealt€ beam is ascribed to a low-lying virtual state near the
and that of the ground-state beam were found to be the sanfe S threshold which has a scattering length of about
[14], Eq. (3) stands for the doubly differential cross sections,2~ _§30 a.u[2]. The much broader ECC peak observed for
as well. Consequently, it is possible to calculate the DDCSN€ 2°S state Is not due to a virtual state, but to the proxim-
for 2 1S He from the spectra belonging to the effective and!ty ©f the “S resonance to the 2S excitation thresholl19].

the 23S He beam using Eq4) [see Fig. 8a)]. Here, we Since in this case the ECC cusp maps, to a certain degree,

L : . the low-energy behavior of the elastc +He(2 3S) cross
have assumed a statistioa+ 1/4 relative population of the RO L
215 states in the metastable part of the effective He bea section, it is similarly affected by the vicinity of estwave

. ) . ) ound statg20], producing an enhancement at threshold.
However, since the fraction can differ considerably from  rp¢ o6rresponding scattering length is estimated to be of the
this val_ue QUe to ca_scades from pther excited sfdi@s the  ,qer of a~5.5 a.u.[2]. Finally, the ECC process by a
DDCS in Fig. 3a) might underestimate the spectrum for the yrqund-state He ejectile can only produce a very broad
2'S He beam by a large unknown factor. The enhancemerghomde,[ﬂ_ The fact that the cusp shape for a pure ground-
factorsF(v’) for the three different He states are shown instate He beam is similar to that for the effective beam,
Fig. 3(b), integrated for the angular and energy resolution ofwhere the cusp electron production by théQfraction is
our spectrometer. The(v') functions were calculated from dominant, implies that a second-order process, in which the
the asymptotic behavior of the regulsswave solution of a He projectile gets excited to the!S final state during the
Schralinger-type equation which describes the low-energycollision, contributes to the ECC peak for the ground-state
elastic scattering of an electron from a He target. Comparingde incoming beanj11].
Figs. 3a) and 3b) we conclude that, although the theory = Concerning the relative cross sections for the different
largely underestimates the, 15/ 05 35 ratio, there is a quali- states, we estimate the following ratios from E¢b), (3),
tative agreement between the theory and experiment. Figusnd (4): o0515/0535=9.8+0.6, 0,15/0,15=31*+8, and
4 shows a comparison of the observed and the theoreticat,ss/ o4 15=3.2+0.8. Most of the errors arise from the large
cusp shapes. The experimental data show a mild asymmetnncertainties in the determination of the metastable fraction
towards lower energies, which the enhancement factorand the ratior.
alone, without a complete calculation of the corresponding From Fig. Xa) we note that there might be resonance
DDCSs, cannot reproduce. Except for this, the agreemengeaks at both wings of the cusp for the’@ He beam at
between theory and experiment is reasonable for tt@l2e  around 49 and 59 eV, which means a resonance energy of
and is very good for the 3S He. These findings strongly 150 meV in the projectile reference system. If such an effect
support the picture in which ECC induced by neutral Heis confirmed, it might represent a fingerprint of the resonance
atoms is due to negative-ion resonance stftds$ In this  structure of thee™ + He(2 3S) system at low energies, as
picture, the large and narrow cusp at the impact of tH&2 predicted by Sz@r [9].
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We conclude that the observation of an ECC peak at th@ot the main goal of the present work. The fact that we
impact of 23S He and a much larger and narrower cusp atwere able to determine the scattering lengths for the
the impact of 2'S He supports Barrachina’s model, namely s-wave resonances at the thresholds of tH&2nd 23S He
that negative-ion resonances by low-lying virtual or weaklystates demonstrates that, measuring the ECC cusp at the im-
bound states are responsible for the ECC cusp induced H3act of neutral atoms, one can get information about the
neutral atoms. In order to determine the scattering lengti§cattering of extremely low-energfeven below 1 mey

of the resonance at the threshold of thé2and 21S He  €lectrons on those atoms. It would be very interesting to
states, we fitted theF(v')xa?/(1+a%'?) function to  C&Ty out similar investigations for atoms other than He, as

the experimental data in the close vicinity of=0, with well. It is hoped that the same method could be applied to

the modulus of the scattering lengdhas a fitting parameter. determir_1e the scattering length of low-energy virtgal reso-
A quite good fit was obtained d8|=8 (+3,—2) a.u. for ngr;]cesi in those cases where other methods only yield values
the 23S state and|a|]=120 (+80,—50) a.u. for the with & large uncertainty.

2 1S state; see Fig. 4. These values are in good agreement Financial support was provided by the Hungarian Scien-
with the theoretical estimates, in view of the theoretical un-ific Research Found, Grant No. T016636 and by the Deut-
certainty; which, for the case of the'® state, amounts to as sche Forschungsgemeinschaft, Project No. 436 UNG 113/
much as a factor of 2. We note that the error of the scattering11/0. One of ugP.A.Z) was supported in part by the U.S.
lengths can be further decreased by improving the angulddepartment of Energy, Office of Basic Energy Research, Di-
resolution of the electron spectrometer; however, this wasision of Chemical Sciences.
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