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The 'P shape resonance of H has been populated in collisions between H and Xe. %e report
on the decay H ('P) Ho(n = 2) +e, which for the first time is measured by high-resolution
electron spectroscopy. Ne~ information on the angular distribution of ejected electrons is obtained
by use of a Shore parametrization to describe the cross section. The Shore parameters are related
to matrix elements of the transition operator. The obtained resonance energy and width are in
good agreement ~ith recent theoretical calculations as well as other experimental results.

PACS numbers: 34,50.Fa, 31.20.Tz, 32.80.Dz, 34.80.—i

Doubly excited electronic states of ions and atoms
have received much attention during the last decade.
In particular, electronic states of two-elecron systems
such as H and He have been the subject of continu-
ous interest. Such states are found to behave quite
differently from what is expected on the basis of the
independent-particle model. ' From a theoretical point
of view, the treatment of radial and angular correla-
tions between the two active electrons constitutes a
considerable challenge. Such correlations are expected
to be very important for the negative ion H because
of the small Coulomb field of the nucleus.

The present Letter studies the formation and subse-
quent decay of the 2s2p'P shape resonance of H
The state is formed in collisions between 100-keV H
and Xe:

H +Xe H "('P)+Xe.

monly applied parametrization of Fano. 3 Fits to the
experimental data yield the resonance energy E, and
the characteristic width I" of the 'P state. These
parameters are independent of the excitation mechan-
ism. The parameters describing the shape and size of
the cross section, on the other hand, depend on the
excitation process. Here we report on the spectroscop-
ic quantities E, and I' as well as the Shore parameters,
which reflect the dynamics of the collision.

The existence of the 'P shape resonance has been
verified in a number of experiments such as the
electron-hydrogen scattering experiment, ~ s hydrogen-
arc emission experiment, 6 and the experiments with
crossed laser and H beams. ~ s To the best of our
knowledge, there has been no previous report on

The doubly excited 'P state of H couples strongly to
the continuum of H, which results in autodetachment
(see Fig. 1),

H--(iP) Ho(n ~ 2) + e

When the hydrogen atom is left in the exctied state
n=2, the energy of the ejected electron is about 20
meV. We have measured the energy of these ex-
tremely low-energy electrons by kinematically shifting
the energy. This was done by measurment of the de-
cay from H ions moving at a velocity of 2 a.u. Be-
cause of the small laboratory scattering angle of the
emitted electrons, 0 electron spectroscopy was ap-
plied.

As a result of the interference between the direct
detachment process,

H H (n=2)+e

12

2

0—
-0.7S

E(eV)

+e-

H' 2e-

and that via the resonant 'P state, the shape of the au-
todetaching line is in general asymmetric. Since we
consider the energy and angular distribution of the
ejected rather than absorption cross sections, we used
the Shore parametrization2 instead of the more com-

FIG. 1. Energy-level diagram of the negative hydrogen
system. (1) is collisional excitation of the P resonance, (2)
is autodetachment of the 'P resonance io Ho( n = 2), and (3)
is direct detachment yielding Ho(n = 2).
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high-resolution electron spectroscopy applied to the 'P
shape resonance although the possible appearance of
the decay to H(n =2) 9 as well as to H(n- I) '0 has
been discussed. Electron ejection from autodetaching
states {'S,3P, and 'D) below the n = 2 level has been
reported by Risley, Edwards, and Geballe. '0

The H ions were produced in a duoplasmatron ion
source and accelerated to the desired energy of 100
keV. From the ion source, beam intensities of —20
p, A were achievable. The ion beam was collimated
and directed through a small gas cell of 4 mm length.
Immediately before the interaction with the target, the
beam was deflected 3' and thereby cleaned of un-

desired charge-state components (H, H+ ). Electrons
ejected in the forward direction underwent energy
analysis by a 30' parallel-plate spectrometer and
detected by a Channeltron. For the data presented
here, the acceptance angle of the spectrometer eo was
0.506'. The ion beam passed almost undeflected
through the spectrometer. A set of electrostatic plates
was available for analysis of the final charge state of
the beam particles after passage through the spectrom-
eter. This allowed coincidence measurements to be
performed. Three pairs of Helmholtz coils were used
to compensate for magnetic stray fields and the Earth' s
magnetic field in the target region. Electrons created
at beam-defining apertures and slits were to a large ex-
tent removed from the beam by an electrostatic trap
located in front of the target-gas cell. To produce
background-free electron-energy spectra, spectra were
taken without gas in the target cell and subtracted
from the primary spectra. For further details about the
experimental equipment see Andersen er aI."

Figure 2 shows the experimentally obtained yield of
electrons as a function of energy in the laboratory

3000-

frame. Detachment via the 'P shape resonance clearly
manifests itself as two lines on each side of the cusp
corresponding to forward- and backward-ejected elec-
trons. The presence of the 'P resonance was also ob-
served in collisions with He, Ne, Ar, and Kr targets.
The coincidence technique verified that the two lines
belonged to the H H + e channel.

Information from the experimentally obtained elec-
tron-energy spectra was obtained by writing the cross
section in the projectile rest frame in the form

dza.

dEdQ

where

~(e ).+p{e')
dEdQ N„ I+&2

where T is the T operator, ill, is the initial wave func-
tion, and QEoi is the unperturbed continuum wave
function for a free electron with energy E and angular
momenta I, m In the general case of a resonance with
angular momenta L,M, we find'2

a -2q Re(z) +21m(z),

P = (q'+» I X~ rLO~ Y&~l'-2 Re(z) + 2q Im(z),

(8)
where

s= (E E, )/ —,
' I'—,

and a, P are the so-called Shore parameters that
describe the shape of the resonance. E is the energy of
the ejected electron. In the following, we assume that
a, P, and I do not vary with energy in the resonance
region. Thus at fixed collision energy, a and P depend
only on the emission angle 8' because of axial sym-
metry. (dzo/dEdQ)NR is the nonresonant cross sec-
tion which will be discussed later.

The Shore parameters can be expressed in rather
simple terms. Consider the transition matrix element
for the direct process,
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FIG. 2. Electron-energy spectrum measured ~ith
80-0.506' in the forward direction for 100-keV H on Xe.
The 'P resonance is seen on both sides of the cusp. The
curve represents the best fit obtained from Eq. (13).

z=
/Mm

YL,~- Yr,~(8', f') are the spherical harmonics and q is
the well-known Fano shape parameter. 3 The T-matrix
element is considered to be independnet of the energy
E in the resonance region. These equations relate the
Shore parameters and thereby the angular distribution
of electrons to the collision dynamics expressed
through the transition matrix element.

The T matrix elements of Eqs. (6)-(9) are not
known for the present case. Rather we treat u and p
as parameters to be determined from the experiment.
We shall assume a and p to be constant within the an-
gular resolution at &'= 0' (forward-directed electrons)
and ~'-1&0' (backward-directed electrons). With the
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present ion velocity and acceptance angle 8o=0.506',
the angular acceptance in the H rest frame is—+30 at E=E,. (The acceptance angle is suffi-
ciently small that the resolution of the spectrometer is
much smaller than the width of the resonance line in
the laboratory frame. )

In Eq. (4), (d2o./dE d Q )NR is the cross section one
would find if there had been no resonance. We use
the following expansion:

2gg

Xt rzt (u ' ) P& (cos8 ' ),
, NR

(10)

This expansion has proved very useful to describe
low-energy continuum electrons for other processes as
weil. ""

The yield of electrons can be expressed as

pO 2g
~aE an dEdQ '

(12)

le a u d2(r

~aE&hn v' dEdQ

where the integration extends over the acceptance in
energy and angle of the spectrometer (this includes an
integration over 8'). The symbol v is the laboratory
velocity of the ejected electron in atomic units. With
Eqs. (13), (4), and (11) we have an expression that
can be fitted to the experimental data; the coefficients,
which describe the nonresonant process (at) as well as
those due to the presence of the resonance (a„P, E„
and I'), can be determined. Note that since the cross
section is finite at t '=0, the division by u' in Eq. (13)
will produce the well-Imown cusp in the yield of elec-
trons at t'=0.

Figure 2 shows the result of the fit to the experi-
mental electron energy spectrum. Obviously, the
Shore parametrization of the cross section describes
the data very well. The parameter values obtained
from the fit are listed in Table I. The values of at, o. ,
and P are normalized so that aoo = 1. Our values of E,
and I' have been compared with various theoretical
results. t~ts The present experimental findings are in
very close agreement with the calculations of Calla-
way's which yielded E,=0.0165 eV and I =0.020 eV.
Our results are also in reasonably good agreement with

where u' is the electron velocity in the rest frame of
the projectile in atomic units and p, are the Legendre
polynomials. We retain the first two Legendre polyno-
mials I =0, 1 and expand the coefficients at in powers
of t ' since we deal with electrons of very low energy in
the H frame,

2 = pro + go U + (Qt + gi U )cosH . (11)
, NR

TABLE I. Fitted values for 100-keV H on Xe. Cross
sections are normalized so that ag = l. Estimated uncertain-
ties are listed.

Parameter Fitted value

a&
1

a(8' 0')
a (8' 180')

p(8'-0')
P (8'= 180')

E, (eV)

r (eV)

6.27 +0.40

0.096 +0.040

1.075 f0.28

0.245 f0.011

0.384 +0.011

0.316 g 0.015

0.309 J0.015

0.017 +0.001

0.021 J0.001

the results of the experiment with crossed laser and
H beams by Bryant et al. ,

t9 who found E,=0.0194
+ 0.0004 eV and I 0.0212 + 0.0011 eV.

When inspecting Table I one finds that P(8'=0')
=P(8'-180') and a(&'=0')aa(&' 180'), which
shows that the emission in the H rest frame is not
isotropic. By integration over the azimuth angle and

by omitting terms with sin8' we obtain from Eqs.
(7)-(9)

n=2rrI2q Re(z)+2Im(z) },

P =2~
~ (q'+ I) ~ tt'o I'to~'

—2 Re(z) + 2q Im(z) I,
with

I ~10~10 10 10.

(14)

(15)

(16)

Information as to which angular momenta l to include
must await direct calculations of the transition-matrix
elements of Eq. (6).

The cross section of Eq. (4), with the parameters
given in Table I, is shown in Fig. 3 as a function of en-
ergy in the H rest frame. Clearly, a very pronounced
and asymmetric profile of the resonant cross section
~~+P/(~ +1) is observed both in the forward and
backward directions. It is seen that the cross-section
maximum is not at the resonance energy, and that dif-
ferent positions of the maximum are observed for
forward- and backward-directed electrons. Further,
the interference with the direct process is destructive
at very low energy. The insets in Fig. 3 show the non-
reSOnant CrOSS SeCtl011S CTNR = (d 0/dE dQ)NR aS Well

as the total cross sections. The relatively large non-
resonant contribution is due to detachment to
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