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High-resolution VUV spectroscopy of H2 in the region near the H„n52… threshold

P. Balling, H. H. Andersen, C. A. Brodie,* U. V. Pedersen,† V. V. Petrunin,‡ M. K. Raarup, P. Steiner, and T. Andersen
Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark

~Received 23 July 1999; published 5 January 2000!

Experimental investigations of the photodetachment cross section for the negative hydrogen ion in the region
near the H(n52) threshold are discussed. Doppler-tuned spectroscopy in a collinear geometry is used to obtain
a comparatively high resolution in this photon-energy range. The ions are accelerated in the ASTRID storage
ring, which allows an accurate velocity measurement and further enables the application of momentum-spread
reduction techniques. The fixed-frequency vacuum-ultraviolet laser beam~118 nm! is generated by sum-
frequency mixing in a xenon gas cell. The photodetachment cross section exhibits pronounced resonances that
correspond to the rich spectrum of doubly excited1P states near the H(n52) threshold. The position of the
resonances is determined with an accuracy that challenges the current theoretical developments. The experi-
mental observations are used to predict the behavior of a dipole series below H(n52). The measurement on
both hydrogen and deuterium facilitates a study of isotope effects. By means of momentum-spread-reduction
techniques it should be possible to resolve the natural linewidth of the narrow dipole resonances. Preliminary
studies show that improvements in electron cooling of the H2 beam promise to reach this limit. Finally, the
feasibility of extending the high-resolution work to higher-lying (n53) resonances is briefly discussed.

PACS number~s!: 32.80.Gc, 39.30.1w
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I. INTRODUCTION

Investigations of the neutral hydrogen atom are at
heart of the development of atomic theory. The Coulo
potential is one of the few tractable problems in non rela
istic quantum mechanics. It is a remarkable fact that wh
trying to describe systems with more than a single electr
serious approximations have to be made. Guidance in de
oping a description of multielectron systems must then co
from comparison with experiments. Although the indepe
dent electron approximation is generally quite good for s
tems in singly excited states, the description of multiply e
cited states is more complicated, since the interac
between two~or more! electrons of similar excitation is
strong and their repulsion is poorly described by a sing
particle potential. In this case the independent electron
proximation may fail even in assigning meaningful quantu
numbers to the excited states. In the development of alte
tive theoretical descriptions of these highly correlated s
tems, it can be useful to draw on studies of fundamen
few-electron systems as, e.g., helium@1#.

Over the last 20 years, experimental studies of the ne
tive hydrogen ion have provided a testing ground for
development of the theory of correlated multielectron s
tems~see, e.g.,@2–4# and references therein!. Compared to
the helium atom, the structure of the negative hydrogen
is even more strongly influenced by interelectron repulsi
since the nuclear attraction is smaller for this system. In f
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for H2, the correlation ensures the actual binding of t
ground state@5#. Contrary to neutral atoms and positive ion
where the Coulomb tail of the nuclear attraction provides
infinity of bound states, negative ions usually possess ju
single bound state. Consequently, negative ion spectrosc
focuses on the determination of positions~and widths/
lifetimes! of excited states that are located in the continu
and reveal themselves as resonances, as seen in electron
tering or photodetachment experiments. Generally, the m
accurate experimental findings are provided by photodeta
ment experiments. Since the resonances corresponding t
doubly-excited states are normally located near excited-s
thresholds of the neutral system, in order to investigate H2,
one has to overcome the large separation between the gr
state and the first excited state of hydrogen. For many ye
this hindered accurate optical studies of the structure of
system, but in 1977 Bryant and coworkers introduced a te
nique@6#, which for two decades has provided a remarka
amount of spectroscopic information about the negative
drogen ion@4,6–15#.

In the experimental investigations by Bryantet al., the
energetic photons were obtained by using standard lase
the visible and UV range and then upshifting the frequen
by as much as 3.4 times by employing the large Dopp
shift associated with a high-velocity H2 beam provided by
the Los Alamos Meson Physics Facility. The H2 beam-
energy was fixed (800 MeV), as was the photon energy
the lasers applied; tunability was achieved by adjusting
angle of intersection between the laser and ion beams. In
way a very large photon energy range could be covered,
this was employed by the New-Mexico group to study t
gross behavior of the cross section@9# as well as detailed
studies of resonances near then52 @6,7,9–11#, n5324
@8,14# and n5528 @12,13# thresholds. The initial observa
tions of the lower-lying resonances were in remarkably go
agreement with the calculation by Broad and Reinhardt@16#.
The detailed investigations of higher-lying resonanc
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P. BALLING et al. PHYSICAL REVIEW A 61 022702
prompted theoretical investigations of this region@17–19#
and again the agreement was good. In addition to the o
photon detachment studies, Bryantet al. studied a1De reso-
nance, which was observed in a two-photon detachment
periment @20#. This work was recently extended t
investigate isotope shifts@21,22#.

The resolution in most of the one-photon studies
scribed above was roughly 8 meV, set by the combined c
tributions from the momentum spread of the relativistic i
beam and the angular divergence in the crossed-beam g
etry. While the technique was extremely versatile and p
vided a great deal of information about broad resonance
was clear from comparison with on-going theoretical dev
opments that the narrower features in the cross section c
not be resolved. However, a new approach, which impro
the resolution in the region near the H(n52) threshold has
recently been introduced@23,24#. The experimental details
will be thoroughly described in Sec. III, where it will b
demonstrated that the new technique improved the resolu
initially by a factor of;40 due to the application of a co
linear geometry and a reduced energy spread of the
beam. This resolution allowed a more accurate measurem
of the position of a narrow1P resonance below then52
threshold@23# and has now permitted the observation of
second resonance in the dipole series@24#, as will be dis-
cussed in more detail below.

II. THEORETICAL APPROACHES AND NOMENCLATURE

The Hamiltonian for an atomic system, consisting of
nucleus of chargeZ binding N electrons, is the sum of th
kinetic energy of each electron, the binding of the electro
in the nuclear potential, the electrostatic repulsion betw
the electrons, and some additional corrections:

H5(
i 51

N S pi
2

2m
2

Ze2

r i
D 1(

i , j

e2

r i j
1•••. ~1!

The additional terms include relativistic couplings that a
generally small for the lighter atomic systems, but whi
play a decisive role in the final atomic structure~see Sec.
IV B for futher detail!. When allowing the nucleus to reco
in the center-of-mass frame, there will be a term from
specific mass shift~See Sec. IV C below!. Upon omission of
these terms, the electrostatic repulsion term is responsibl
the need for approximate methods in solving the associ
Schrödinger equation. In order to circumvent the nonsepa
bility of this term, the approximation is often made that ea
electron moves independently in an average field, create
the nucleus and all other electrons. The electrostatic re
sion from the other electrons is approximated by a sph
cally symmetric one-electron potential, either a model pot
tial or one determined self-consistently, as in the approac
the Hartree-Fock theory. This approximation is traditiona
the starting point for most theoretical descriptions of
atomic system and it allows the motion of each electron to
described by a one-electron Schro¨dinger equation. One ca
then find one-electron wave functions that are simultane
eigenfunctions for the effective single-particle Hamiltoni
02270
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and the orbital and spin angular momentum operators.
single-electron state is described by the two quantum n
bersn andl, wheren andl are associated with the radial an
angular part of the wave function, respectively. T
N-electron problem is solved in the basis of~properly anti-
symmetrized! products of one-electron wave functions, a
the set of quantum numbersni l i for all electrons is denoted
as the configuration of a particular state.

It is important to notice that the assignment of a config
ration to a specific energy level of the atomic Hamiltonian
based on the independent-particle model and the central-
approximation. If the motion of the electrons is strong
coupled, the products of single-particle wave functions
no longer good approximations to the true wave functions
however, the correction to the central-field approximation
small, the product wave function gives a good description
a specific state, but the energy associated with a spe
configuration splits up due to the electrostatic-repulsion te
of the Hamiltonian@Eq. ~1!#. Since the Hamiltonian com
mutes with the total angular momentum and spin operat
one proceeds to form linear combinations of the products
one-electron wave functions such that they become eig
functions for these operators as well. In this new coup
basis the Hamiltonian is diagonal within each configuratio
and there is just one energy shift for each set of eigenva
for the total angular and spin angular momenta. The spec
eigenvalues are then written as2S11L and are denoted as th
term for the given configuration. A boon of this method
that the number of possible energy levels for a given c
figuration can be determined without a calculation of t
corresponding energy; the qualitative structure of the sys
is determined simply from the rules of addition of angu
momenta.

The breakdown of the independent-particle approximat
is encountered in, e.g., doubly-excited states. One e
prominent example was Madden and Codling’s photoioni
tion study of He@1#, showing only one strong series of res
nances as opposed to the two series initially expected.
task of remedying the model by including several configu
tions in the description of each atomic level~configuration-
interaction method! quickly becomes computationally cum
bersome. In addition, one must realize that, in this proce
any meaning embedded in the original assignment of qu
tum numbers is lost. In order to avoid this it is necessary
establish another model which is not founded on
independent-particle description, but rather takes as its s
ing point the correlated motion of the electrons.

In the hypersherical-coordinate description@25,26#, new
coordinates are introduced for the description of the mot
of a two-electron system. A model for two electrons requi
six coordinates, for instance the distance from the nucleu
each electron,r 1 andr 2, the angle between the position ve
tors of the two electrons,u12, and three Euler angles. In th
hyperspherical-coordinate representation, the first two co
dinates are replaced with the hyperradiusR5(r 1

21r 2
2)1/2,

representing the root-mean-square size of the system, an
hyperanglea5arctan(r2 /r1) which is a dimensionless quan
tity related to the radial correlation of the system@2,18,25#.
The usefulness of this approach is due to the approxim
2-2
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HIGH-RESOLUTION VUV SPECTROSCOPY OF H2 IN . . . PHYSICAL REVIEW A 61 022702
separability of the Schro¨dinger equation in this basis; th
equation can be solved for fixedR, and the dependence o
this quantity enters through adiabatic potentials, analogou
those arising in the Born-Oppenheimer approximation
molecules. For a givenR, the potential energy of the syste
can be represented by an effective charge, which is a fu
tion of a andu12 ~see, e.g.,@25#!.

A resonant state is obtained in a situation where the
electrons are bound to the nucleus, i.e., they remain at fi
distance and hence, in the hyperspherical representation
finite hyperradius. A resonance can then be described
state bound in one of the adiabatic hyperspherical poten
curves. For largeR, the adiabatic potentials converge o
those appropriate for the description of one distant elec
bound in an induced dipole potential, associated with
neutral-atom threshold of a given main quantum numben.
The dipole states are denoted bym5n11,n12, . . . , and
they satisfy a very definite recurrence relation, as will
discussed in Sec. IV B below. For smallR, the potential
curves exhibit different behaviors depending on the symm
try of the associated wave functions, normally characteri
by the quantum numberA. The A51 curves correspond to
resonances that have an approximate antinode near th
called saddle point,a545°, while those withA52 have a
node under similar conditions. TheA51 and A52 states
correspond, respectively, to the electrons being radially
phase or out of phase when approaching the nucleus, a
the symmetric and asymmetric stretch modes, respectiv
of a linear tri-atomic molecule. The adiabatic hyperspheri
potential curves for theA50 states are generally repulsiv
for all R and thus hold no bound states. Among the1P0

curves associated with each neutral atom threshold, there
singleA50 curve while there aren21 curves ofA51 and
A52 character, respectively. The resonant states suppo
by a specific potential curve form a series or channel and
labeled according to their symmetry properties. Quite gen
ally, theA56 curves have minima that support resonanc
The minima of theA51 curves are located at smallerR
than those associated withA52. Consequently, theA51
resonances are excited more easily from the ground s
than theA52 resonances, since the wave functions of
A51 resonant states more closely resemble the local
ground state wave function. In the lowest level of a giv
channel of theA51 type ~denoted bym5n), the two elec-
trons spend considerable time at a comparable distance t
nucleus. They interact strongly and the state is thus q
unstable, resulting in rapid autodetachment. For higher-ly
resonances in the channel~i.e., for a givenA51 curve!, the
states labeled bym5n11,n12, . . . , form a series of reso
nances converging on the associated threshold that bec
increasingly dipole-like. A resonance associated with anA
52 curve can be roughly characterized by one electron
ing fairly distant from the excited, neutral hydrogen ato
The interaction between the electrons is weak, prima
through the induced dipole moment, and accordingly,
resonance is more stable against autodetachment. The
again an infinity of resonances,m5n11,n12, . . . , con-
verging on the neutral-atom threshold, corresponding to
infinite dipole series. It is tempting to loosely speak ofn and
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m as the principal quantum numbers of the inner and ou
electrons, respectively@19#, a misleading nomenclature sinc
the different m-states contain contributions from a larg
number of hydrogenlike configurations@27#.

An obvious consequence of the strong correlation in
doubly excited states under consideration is the inadequ
of the one-electron angular momenta quantum numbers
stead, Herrick and Sinanoglu have suggested the introduc
of (K,T) quantum numbers as collective quantum numb
that describe angular correlation@28,29#. K is proportional to
the averagê r , cosu12&, where r , is the distance to the
inner electron@2#. TheT quantum number can be interprete
as the projection ofL onto the axisr12r2. These quantum
numbers are used to label the different hyperspherical po
tial curves discussed above, i.e., they specify the differ
channels. A resonance of parityp can thus be described b
the symboln(K,T)m

A 2S11Lp, where the last part denotes th
usual term. This notation, in fact, carries redundant inform
tion, since A5p(21)S1T. We will here use the slightly
more compact notationn$n%m

A 2S11Lp, where n5 1
2 (n21

2K2T) is the bending vibrational quantum number of t
three-body rotor~compare again to the linear tri-atomic mo
ecule!, i.e., it is the number of nodes inu12 @17#.

Sadeghpour and Greene@17# and Sadeghpour@18# have
calculated the adiabatic hyperspherical potential curves
highly excited states of H2 converging on neutral-atom
thresholds belown512. By this means, they have ascribe
quantum numbers to resonances observed in the phot
tachment experiments mentioned above@8,12–14#. They
note the propensity rule that all the observed resonances
n50, i.e., only zero point motion in the bending mode. Fu
thermore, the experiments have only revealed resonance
sociated with the lowest-lyingA51 curve within each
manifold of the 2n21 curves converging on a specifi
neutral-atom threshold,n @17#. The only exception to this
rule has been the so-called Feshbach resonance b
n52 (2$0%3

2 in the present notation!, which was the only
observedA52 resonance. The hyperspherical approach
only just beginning to compete with other methods in t
attempt to provide quantitative comparison with experime
tal cross sections. Consequently, the authors of Refs.@17#
and @18# have in a different investigation@19# used an
R-matrix calculation to perform an accurate calculation
the photodetachment cross section for H2. Ho @30# used
complex rotation to obtain resonance parameters for

2$0%3
2 resonance. Tanget al. @31# used a close-coupling

method in terms of hyperspherical coordinates to study p
tial and total photodetachment cross sections of H2. Lin-
droth et al. @27,32,33# performed complex-rotation calcula
tions to examine the narrow2$0%m

2 resonances belown52.
The importance of relativistic effects for the dipole series h
been discussed extensively by the Friedrich group@34,35#. A
saddle-point–complex-rotation approach was used by C
@36#, while Gien @37# used the Harris-Nesbet variation
method. In a recent paper by Kuanel al. @38#, the results of
a complex-rotation calculation are directly compared w
the published experimental results@24#, demonstrating an ex
cellent agreement. As evidenced above, the theoretical a
2-3



e
t

a
or

th
b
th

H

o
a

ou
lo
o

in
av
h

d
ry
-

a

ot
e,
e
in

ic
,
f
th
o

iv
an
e
ts
e
e
e
v

o
.
a
e

in
th

t
e
h
o

am
ith

ay-
Xe

be

7
h-
axi-
f

y of
eld,
es

m
a
of

o a

the

y
-
ing

is
or
nce
ect
xi-
n.
ary
ef-
li-

m.
the
es

te
and

as
ght
ng
ns-
er
he
be
ser

tly
is

t in

P. BALLING et al. PHYSICAL REVIEW A 61 022702
ity on the H2 ion is very high. It seems reasonable to ass
that the system provides a test ground for the developmen
theoretical approaches.

To summarize this section, quantitative calculations
well as models providing an efficient taxonomy are imp
tant in the understanding of electron correlation. For H2, the
hyperspherical approach seems a useful framework for
assignment of correlation quantum numbers, while a num
of accurate calculational methods compete to provide
most accurate resonance parameters.

III. EXPERIMENTAL APPROACH

A. Generation of vacuum-ultraviolet light

A spectroscopic study of the doubly-excited states in2

requires access to the vacuum-ultraviolet~VUV ! region of
the spectrum, accomplished in the present study by n
linear conversion techniques. When short wavelengths
involved, the nonlinear techniques generally utilize gase
media since no suitable crystal materials are available be
;190 nm. These methods are becoming increasingly imp
tant in many areas of physics and chemistry. By combin
various gases and metal-vapors with selected laser w
lengths, it is possible to use four-wave mixing to cover t
VUV region down to;110 nm @39#. Third-harmonic gen-
eration is the special case of just a single driving laser an
has the benefits of technical simplicity and—ve
importantly—the potential of obtaining very narrow line
width radiation with reasonable efforts.

The third-harmonic field of the 355 nm output from
neodymium-doped yttrium aluminum garnet~Nd:YAlG! la-
ser, 118 nm, happens to be located at a slightly higher ph
energy than the 5p-5d transition in Xe. As a consequenc
the refractive index of a Xe gas at this wavelength is low
than that at 355 nm. This is important in order to obta
phase-matching for the third-harmonic process: The opt
field at the third harmonic frequency consists of two parts
free wave that propagates with the usual phase velocity
this frequency, and a driven wave that propagates with
phase velocity of the driving field. In general, these tw
phase velocities are different due to the different refract
indices at the driving and harmonic frequencies. This me
that the free and the driven component of the harmonic fi
will interfere constructively or destructively in different par
of the nonlinear medium, thus resulting in a much reduc
production efficiency. In order to obtain a reasonable conv
sion, it is necessary to adjust the phase mismatch betw
the two waves. For plane waves, phase matching is achie
for zero wave-vector mismatch,Dk50, as is expected als
from energy- and momentum-conservation requirements
a focussed geometry, if the driving field is a Gaussian be
of Rayleigh length,z0, much smaller than the length of th
gas cell, the wave-vector mismatch must satisfyz0Dk521
@40,41#. There are several ways to obtain phase match
but a very efficient method over restricted regions of
spectrum is applying gas mixtures. In order to be able
adjust the wave vector mismatch, it is necessary that on
the components has negative dispersion, while another
positive dispersion. This can be obtained with a mixture
02270
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Xe and Ar, as first demonstrated by Kunget al. @42# and later
applied by several groups~see Ref.@39# and references
therein!.

In fact, the required phase matching with a focussed be
can also be obtained with just a single gas component w
negative dispersion, given the proper combination of R
leigh length and pressure. The wave vector mismatch for
in 355 to 118 nm conversion has been calculated to
26.12310217 cm2 per atom@43#, which means that for a
fixed Rayleigh length,;0.1 cm in our case, a pressure of
mB ~at room temperature! is needed to obtain phase matc
ing. In the present experiment, this approach gave the m
mum production efficiency at high input power levels. O
course, the low pressure leads to a relatively small densit
atoms that serve as the source for the third-harmonic fi
but at high input powers the conversion efficiency becom
limited by non-linear changes in the refractive index~Kerr
effect! that destroy the phase-matching condition@44#; this
unwanted effect is suppressed by using a low pressure.

Under typical experimental conditions a 160 mJ 355 n
laser pulse of ;8 ns duration is focussed to
;20-mm-diameter focus, corresponding to an intensity
531012 W/cm2. With these conditions approximately 1011

VUV photons per pulse are generated, corresponding t
quantum conversion efficiency of;331027. The number of
118 nm photons is measured absolutely by integrating
number of generated photoions in an NO ionization cell@45#.
The VUV light is separated from the 355 nm driving field b
a focussing grating of MgF2 coated aluminum, 1200-lines
per-mm ruling and 498-mm radius of curvature. The grat
leads to astigmatic focussing of the VUV laser beam. This
compensated by recollimating the light with a curved mirr
of an appropriate radius of curvature and angle of incide
at a specific distance from the grating. The combined eff
of the grating and the mirror is the formation of an appro
mately parallel VUV beam of slightly elliptic cross sectio
The astigmatic focussing of the VUV beam is a necess
consequence of using a curved grating, but it allows for
ficient blocking of scattered 355 nm light through the app
cation of slits in the vertical and horizontal foci of the bea
The generated beam propagates through a LiF window to
ultrahigh-vacuum conditions of the storage ring and provid
;1010 photons per pulse in a;1 cm2 beam to be used in the
experiment~see the following section!. After the interaction
region inside the storage ring an electron-multiplier pla
with a fluorescent screen is used to visualize the location
spatial profile of the VUV laser beam.

When applying VUV light for spectroscopic purposes,
in the present context, it is important that the generated li
has a narrow bandwidth. In the general four-wave-mixi
scheme it is very demanding to make the pulsed light tra
form limited. However, in the case of a single driving las
this is feasible. In particular, since we rely on converting t
output from a Nd:YAlG laser, a narrow bandwidth can
obtained simply by using an injection seeded laser. The la
applied has a specified bandwidth,0.4 meV and the non-
linear conversion is not expected to add to this significan
@41#, which means that this contribution to the resolution
more than two orders of magnitude below the present limi
2-4
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HIGH-RESOLUTION VUV SPECTROSCOPY OF H2 IN . . . PHYSICAL REVIEW A 61 022702
the experiment, see below. The absolute photon energ
measured~at the second-harmonic output from the laser! by
comparison to the output from a tunable dye-laser in t
wavelength region. The dye-laser can be scanned thro
various well-known transitions in opto-galvanic lamps a
the wavelength of the Nd:YAlG laser can be determined
comparison in interferometers. The resulting photon ene
of the VUV light is 10.48299~2! eV.

B. Doppler-tuned spectroscopy

Due to the Doppler effect, an ion in motion sees an eff
tive photon energy that differs from the laboratory phot
energy. In Doppler-tuned spectroscopy this is utilized a
tool to perform spectroscopy with photons of fixed energy
u denotes the angle of incidence on the ion beam withu
50° being a head-on collision,v is the velocity of the ion
beam, and\v0 is the laboratory photon energy then the e
fective photon energy is

\v5\v0g S 11
v
c

cosu D , ~2!

where g5(12v2/c2)21/2 is the Lorentz factor. From the
equation above it is obvious that there are three contribut
to the resolution in the effective photon energy: angular
vergence, ion-velocity spread and bandwidth of the lig
source. The last contribution can be eliminated by the ap
cation of narrow-bandwidth sources as described in sec
III A. The contribution from angular divergence is

D~\v!5\v0g
v
c

sinu Du. ~3!

Obviously, by choosing an angle of intersection close to
~or 180°) the influence of this term can be reduced trem
dously @46#. In our setupu50.6° and using an estimate o
Du50.2° this term contributes 18meV ~FWHM! to the
spread for a;1 MeV H2 beam. It turns out that the mo
mentum spread contributes most to the resolution. We h

D~\v!5\v0S 11
c

v
cosu D DE

Mc2
, ~4!

whereM is the mass of the ion andDE the spread in kinetic
energy. For many radio-frequency based accelerators,
energy-definition,DE/E, is roughly constant at different en
ergies. If this is the case, the contribution to the resolut
from the momentum spread, Eq.~4!, grows roughly as the
square root of the beam energy for low energies. This will
important for the possible extension of the present work
higher-lying resonances~see Sec. IV D!. At the ;1 MeV
needed for the present investigation, the contribution
DE/E5731024 is 180 meV. This limiting factor to the
resolution can be reduced by applying momentum-spre
reduction techniques~see Sec. IV D!.

The experiment is performed at the Aarhus Storage R
Denmark~ASTRID! @47#. Negative hydrogen ions (H2 or,
alternatively, D2) are produced in a duo-plasmatron io
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source, accelerated to 150 keV, mass analyzed and inje
into the storage ring. Following injection, the ion beam
accelerated to;1 MeV(H2) by a radio-frequency field,
which is subsequently turned off. Along one of the straig
sections of the ring (;8 m long, see Fig. 1!, the ions are
overlapped with the counter-propagating VUV laser be
~Sec. III A!. The ions are photodetached with a probabil
P5sN/Avuv , where s is the cross section andN/Avuv
;1010 cm22 is the number of photons per pulse per bea
area. A typical off-resonant cross section in the photon
ergy region under investigation is 10 Mbarn@32#, which
gives a detachment probability ofPnr51027. Right after ac-
celeration, the circulating current is typically 0.5mA, corre-
sponding to;0.2 photo-induced neutral atoms per las
pulse.~At the peak of the strongest resonance this numbe
roughly 50 times larger with the present resolution!. The
neutral atoms pass undeflected through the magnetic la
of the storage ring and impinge on an electron-multipli
plate detector located after the bending magnet. Due to
finite size of the detector (25325 mm2) and the ~albeit
small! angular spread of the ion-beam, an estimate of o
;10% of the neutrals hit the detector. Furthermore, the m
sured signal contains contributions from both the photo
tachment process and collisional processes. The signa
counted over a short time interval~gate! after each laser
pulse ~covering the flight times for the ions that interacte
with the laser light,;700 ns). In the relevant time interva
the collisional background is typically;40% of the off-
resonant photoinduced signal. In order to determine this c
tribution, the pure collisional signal is measured in a sepa
~delayed! time interval. Due to its low duty-cycle, the lase
hardly affects the total number of ions in the storage ring;
decrease in the circulating current is determined by the

FIG. 1. A schematic of the experimental setup showing
VUV laser system and the ASTRID storage ring with injector, a
celeration section, and detection system.
2-5
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lisionally limited storage time of a few seconds. Since t
gated counts are measured versus time after accelera
they reflect this exponential decay. The relative photodeta
ment cross section is reflected in variations in the p
exponential factor for the photoinduced signal at the diff
ent effective photon energies~i.e., different ion-beam
energies!. In order to normalize the photo signal to the num
ber of ions in the ring, we always take the ratio to the p
exponential factor for the pure collisional decay and div
by the decay time to account for possible changes in vacu
conditions in the ring that will change the collisional pro
ability. Normalization to the photon flux is performed b
measuring the amount of charge on the detector for the V
light ~also used for visualization of the beam, see Sec. III!
after each laser pulse and recording the running average.
acceleration sequence for the storage ring reduces the
cycle significantly; the injection and subsequent accelera
of the ion-beam involves the ramping of magnets in the r
and can only be repeated every;30 sec. During the subse
quent exponential decay, the laser light~at 10 Hz repetition
rate! typically generates 0.5–25 photoinduced neutral ato
~nonresonant/resonant cross section!.

Since the effective photon energy is determined by
Doppler shift, an accurate measurement of the ion velocit
very important. For storage-ring experiments this can
done by measuring the revolution frequency of the ions
the ring, assuming a well-known circumference. The revo
tion frequency is measured by a so-called Schottky pick-
which relies on the detection of statistical density fluctu
tions ~Schottky noise! of the discrete charges in the beam
The frequency spectrum is peaked at the different harmo
of the revolution frequency and the width is determined
the distribution of frequencies~i.e., velocities! in the beam.
While counting the neutral-atom production for a given io
beam energy, the Schottky spectrum for a specific harmo
of the revolution frequency is averaged on a spectrum a
lyzer. The resulting spectrum is fitted well by a Gauss
function and the center frequency is used to determine
velocity while the width provides information about th
velocity-spread of the ions~see also Sec. IV D!. With this
procedure the frequency can be determined with an accu
limited only by the width of the peaks, which means that t
experiment is very sensitive to changes in velocity. This
important because changes in velocity correspond to cha
in effective photon energy. Assuming an accuracy of 10%
the width leads to a contribution of only 16meV to the pho-
ton energy resolution. The disadvantage of the above m
surement technique is related to the difficulty in providing
absolute velocity measurement. The reason is that this
cedure has to rely on knowledge of the exact circumfere
of the storage ring~or rather the orbit length!. ASTRID is
designed for an ideal orbit length of 40 m, and the m
accurate calibration of this number is obtained by the f
that the storage ring can also store a relativistic elect
beam. In this case the velocity of the particles is very w
defined~essentially the velocity of light! and the orbit length
can be very accurately determined from the measured r
lution frequency. These observations give a circumferenc
39.993~1! m @48#. The orbit length can change by sma
02270
e
on,
h-
-
-

-
-

m

V

he
uty
n

g

s

e
is
e
n
-

p,
-
.
cs
y

-
ic
a-
n
e

cy
e
s
es
f

a-

o-
e

t
t
n
ll

o-
of

amounts for different settings of the ring. However, the p
sition of the stored beams can be measured by position p
ups distributed in the ring. If we assume that the beams
located at the same position to better than610 mm, a con-
servative estimate for the accuracy of the beam position m
surements, then the corresponding uncertainty in the o
length is68 mm, as can be calculated from the dispers
of the ASTRID storage ring@47#. By additionally incorpo-
rating an estimate of potential systematic effects~as, e.g.,
closed-orbit corrections@48#!, a 39.99~2! m circumference
for the ions is assumed. This contributes 0.2 meV to
uncertainty in the effective photon energy. In all of the me
surements this is the main uncertainty in the absolute ene
measurements, while relative energies are determi
roughly one order of magnitude better than this.

IV. RESULTS AND DISCUSSION

A. Observed structures

Figure 2 shows the measured relative photodetachm
cross section for D2 as reported initially in Ref.@24#. The
two narrow resonances are the2$0%3

2 and the 2$0%4
2 reso-

nances, respectively~or 2(1,0)3
2 and 2(1,0)4

2 in the K,T
notation!. These are the first two members of anA52 se-
ries, which has strong dipole character, see Sec. IV B.
broad resonance above then52 threshold~at 10.956 eV! is
the 2$0%2

1 ~or 2(0,1)2
1) resonance, which is the single res

nance ofA51 character associated withn52. These three
resonances were observed for both H2 and D2. The photo-
detachment cross section in the vicinity of the narrow re
nances is well described by a Fano parametrization@32#,

s~\v!5s0

~q1e!2

11e2
, ~5!

wheree52(\v2Eres)/G. Eres , G, andq are the energy,
width and asymmetry parameter of the resonance, res
tively. As seen from the expanded views of the2$0%3

2 and

2$0%4
2 resonances in Figs. 2~b! and 2~c!, the observed widths

are significantly larger than the 30-65meV (2$0%3
2) and

;2 meV (2$0%4
2) predicted by theory@27,31,36,37#. This

reflects the resolution of the present experiment and, as
cussed in section III B above, is mainly due to the veloc
spread of the ion beam in the storage ring. Due to the v
small width of the 2$0%4

2 resonance, its observed shape
completely dominated by this Doppler broadening, a
hence a fit to a Gaussian form is chosen. Resonance posi
of 10.9519(2) eV (H2) and 10.9553(2) eV (D2) are ob-
tained. The observed width of;180 meV ~FWHM! is en-
tirely consistent with the relative velocity spread
;4•1024 determined from the Schottky spectrum of th
stored ion beam~see Sec. III B!, which is an immediate con
sequence of Eq. 2~in the nonrelativistic limit!. The true
width of the 2$0%3

2 resonance is also smaller than the pres
resolution, but the asymmetry of the cross section is clea
visible in the tails of the observed profile. Consequently,
analysis of this structure has to rely on a comparison wit
convolution of the cross section profile, Eq.~5!, and the dis-
2-6
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tribution of effective photon energies due to the veloc
spread@cf. Eq. ~4!#. The resulting resonance positions
10.9243~2! eV and 10.9277~2! eV for H2 and D2 are, within
the quoted uncertainties, independent of the other param
of the fit. The measured cross section also constrains thG
andq parameters: Values outside the ranges listed in Tab
lead to a systematic deviation from the data. Table I give
comparison between the present results and previous ex
mental and recent theoretical values. In order to improve
determination of the width and asymmetry parameters for
resonance, it is necessary to improve the resolution of
experiment. This can be done by reducing the moment
spread of the ion beam, as will be discussed in more deta
Sec. IV D.

The agreement with our previously reported position
the 2$0%3

2 resonance is excellent@23#. Both of our results
deviate from the former experimental result@11#. The dis-
crepancy may be attributed to an incorrect calibration of
effective photon energy~i.e., of the angle of intersection! in
the New Mexico experiment; due to experimental limit

FIG. 2. Relative photodetachment cross section~measured neu-
tral atom yield corrected for collisional background! vs. effective
photon energy. The error bars indicate a statistical uncertaint
one standard deviation.~a! The full energy range. The data hav
been normalized to the theoretical results of Lindroth@32# ~solid
curve!. Some of the measured points on the2$0%3

2 resonance at
10.9277 eV exceed the vertical scale of the plot.~b! Blow-up of the
region near the2$0%3

2 resonance. The solid curve shows a fit to
Fano profile convolved with the photon energy resolution as
cussed in the text.~c! Blow-up of the region near the2$0%4

2 reso-
nance. The solid curve shows a fit to a Gaussian profile.
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tions, the calibration had to rely on a transition ton>4 in
hydrogen, which corresponds to a change in photon ene
of 17% from the position of the resonance. This change
almost three orders of magnitude larger than the present
crepancy. The above assumption is supported by the ob
vation that the position of the2$0%2

1 resonance exhibits a
similar deviation from the calculated position@32#. The re-
cent calculations all agree well with the present experime
values. The initial report of our data@24# has initiated a
renewed interest in this photon-energy region, since the c
paratively high accuracy allows for a critical test of the n
merical accuracy of calculations. In addition, the question
the number of resonances expected in the dipole series
received significant attention, as discussed in Sec. IV B
low. The present data for the2$0%2

1 shape resonance do no
allow an accurate evaluation of its resonance parame
The fluctuations in the measured cross section are attrib
to variations in the overlap due to changes in the ion-be
trajectories over the very large range of ion storage ener
required to cover the2$0%2

1 resonance. It is important to not
that similar effects do not play a role when scanning sm
effective-photon-energy ranges. For instance, the total ra
of beam energies needed to cover each of the narrow r
nances is only;1023 of the total beam energy, while it is
;0.2 for the broad resonance. The experimental points
Fig. 2~a! only serve to indicate that the measured cross s
tion is consistent with theoretical predictions@32#.

B. 2ˆ0‰m
2 1P0 dipole series

The specific properties of atomic hydrogen lead to a
generacy of different angular momentum states for the
cited states and therefore the existence of the linear S
effect for this atom. An immediate consequence of this p
nomenon is the fact that excited hydrogen states in an e
tric field can possess a permanent electric dipole mom
The resulting potential, the dipole potential, has the disti
1/r 2 character. Considering, specifically, an electron a
proaching a hydrogen atom excited ton52, the electric field
from the distant electron will polarize the atom and the
coming electron will feel a potential, which consists of
repulsive centrifugal term and an attractive dipole potent
both of which behave as 1/r 2. Depending on the relative
strength of the two terms, the electron may or may not
bound to the excited state. This problem was first treated
Gailitis and Damburg@49#. They showed that a Hamiltonia
of the form

H52
d2

dr2
1

l ~ l 11!1a

r 2
, ~6!

wherea is the strength of the dipole potential, may lead
an infinite series of bound states. If, among the eigenva
for l ( l 11)1a, there exists one,a, which is smaller than
21/4, then the cross section exhibits strong variations co
sponding to an infinite series of resonances converging to
excited-state threshold. The infinite series satisfies an in

of

-
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TABLE I. A comparison of experimental and theoretical results for the1Po resonances of H2 and D2

converging to then52 threshold.

ER(H2) / eV ER(D2) / eV G / meV q

2$0%3
2 1Po

Experiment
MacArthur et al. @11# 10.9264~6!

Balling et al. @23# 10.9243~3!

Andersenet al. @24# and present 10.9243~2! 10.9277~2! 20,G,60 230,q,210
Presenta 57~15!

Theory
Ho @30# b 10.9245 10.9277 35.9
Sadeghpouret al. @19# b 10.9255 10.9287 28.8
Tanget al. @31# b 10.924 10.927 65.3
Lindroth et al. @27# b 10.9245 10.9277 37.2 216.5
Chen@36# b 10.92452 10.92774 35.6
Gien @37# c 10.92450 10.92772 37.7
Bürgers@33# b 10.92452 10.92774 37.2
Kuanet al. @38# b 10.92452 10.92774 36.9

2$0%4
2 1Po

Experiment
Andersenet al. @24# and present 10.9519~2! 10.9553~2!

Theory
Tanget al. @31# b 10.952 10.955
Lindroth et al. @27# b 10.9521 10.9553 2 211
Chen@36# b 10.95213 10.95535 1.9
Gien @37# c 10.95198 10.95521 2.0
Bürgers@33# b 10.95212 10.95534 2.1
Kuanet al. @38# b 10.95208 10.95530 1.8~2!

aPreliminary. Data are obtained by the application of electron cooling and the width fitted by deconv
the measured velocity distribution, see text.
bConverted from the total energy of the system~in a.u.! to the energy with respect to the ground state us
1 a.u.527.2113962M /(M1m) eV. Ground-state energies of 14.35265 eV (H2) and 14.35680 eV (D2) are
derived from Ref.@51# neglecting the small mass dependence of the relativistic and QED corrections.
cConverted from transition energies in Rydberg by applying 1 Ry5 1 a.u./2, as defined in the previou
tablenote.
th
u

le
l

s
y
d
s

e
a

nc

x-
is
ates
e-
d,
ter
d
ge
s 34

-

next
t
-

lect
he
e-
esting recurrence relation: both the binding energy of
states and their width become exponentially smaller going
the series:

em

em11
5

Gm

Gm11
5R5expS 2p

A21/42a
D , ~7!

wheree is the energy relative to the threshold. It is possib
to relate the eigenvalues ofl ( l 11)1a to a specific channe
in the collective quantum numbers; Herrick@50# offers a per-
turbative expression for the eigenvalues in terms ofK andT.
Specifically, near then52 threshold of hydrogen, the value
of a,23.71 ~from 323A5) and 2, as calculated already b
Gailitis and Damburg@49#, have been shown to correspon
to the 2$0%m

2 and the2$0%m
1 series, respectively. This mean

that only theA52 channel will exhibit resonances, whil
for the A51 channel, the attraction is too weak to form
dipole series. The short-range attraction in theA51 channel
is, however, strong enough to facilitate a single resona
02270
e
p

e

above the threshold,2$0%2
1 . Using a523.71, one obtains

@Eq. ~7!# R529.334. The ratio determined in the present e
periment, 2665, is quite consistent with this number. Th
may appear surprising, since the electronic potential devi
significantly from the pure dipole behavior in the inner r
gion for the A52 channel. The agreement will be goo
however, if the electron is exposed primarily to the ou
dipole tail of the potential, which is an increasingly goo
approximation asm increases. In fact, the calculated avera
radial distances of the most distant electron are as large a
a.u. and 187 a.u. for the2$0%3

2 and 2$0%4
2 states, respec

tively @27#. The present observations of the2$0%3
2 and 2$0%4

2

resonances can be used to predict the position of the
member in the series,2$0%5

2 . It should be located abou
40 meV below the H(n52) threshold. This energy is, how
ever, comparable to the fine-structure splitting of the H(2p)
state of the neutral atom, and thus one can no longer neg
the effect of the relativistic interaction and QED effects. T
proper inclusion of these terms leads to a lifting of the d
2-8
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generacy, destroying the dipole potential. This problem
been studied in detail theoretically by Lindrothet al. @27#
and by Purret al. @34,35#. They conclude that theA52
resonance series is terminated after the third member,
that this third 2$0%5

2 state is shifted significantly closer t
threshold and should be found only 19meV below the
H(2p1/2) state, with a width of just 0.06meV. In addition,
the authors of Ref.@35# have shown that a high-lying mem
ber of the3P0 series contains a significant admixture~17%!
of 1P character and thus is—in principle—amenable to o
tical studies.

C. Isotope effects

The ability to perform the present experiment with bo
H2 and D2 allows for an investigation of isotope effects.
addition, the very narrow structures under investigation
the present study may permit a study of small shifts. T
kinetic-energy part of a Hamiltonian for a two-body syste
may be rewritten in the center-of-mass frame as

1

2m
~p1

21p2
2!1

1

2M
~p1

21p2
2!1

p1•p2

M
, ~8!

wherep1 andp2 are the momenta of the two electrons,m is
the electron mass, andM is the mass of the nucleus. The fir
two terms combined can be accounted for by a rescalin
energies according to the appropriate reduced mass,EM
5E`M /(M1m), whereE` is the energy for infinite nuclea
mass. The last term in expression 8, often called the spe
mass shift~or mass polarization!, will reflect a possible mo-
mentum correlation between the two electrons. Its magnit
is thus a critical test of theoretical predictions. While a s
nificant specific mass shift of 486meV has been calculate
for the 1S ground state of H2 by Drake@51#, Lindroth et al.
@27# have predicted specific mass shifts of the2$0%3

2 and

2$0%4
2 resonances to only;10 meV and ;0.33meV, re-

spectively. The experimentally observed shift in energy
both the 2$0%3

2 and 2$0%4
2 resonances of 3.4~2! meV in the

present study is entirely consistent with the 3.2 meV fou
by simply rescaling the transition energies according to
reduced mass and by assuming that the specific mass sh
the ground state of D2 can be scaled from that of H2 by the
nuclear mass ratio.

The comparatively small size of the specific mass shift
the excited states ofA52 symmetry compared to the state
of A51 symmetry ~the specific mass shift of the2$0%2

1

resonance is predicted to be four times as large as the
for the 2$0%3

2 resonance@32#! may be understood from
qualitative analysis of the kinetic energy in Eq.~8!. The A
52 states are characterized by the out-of-phase radial
tion of the electrons. This means that when one electro
close to the nucleus~has large momentum! the other is far
from the nucleus~has small momentum!. While the second
term in Eq. ~8! always collects a large contribution from
eitherp1

2 or p2
2, the last term will be significantly suppresse

by the smaller of the two momenta. For the in-phaseA51
states, conversely, the approximately equal size ofp1 andp2
may result in more equal contributions from the two ter
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and hence a larger relative effect of the specific mass shif
should be noted that very recently, Risloveet al. @21,22# re-
ported the observation of a specific mass shift of22.4
61.1 meV, with an additional possible systematic error
0.8 meV, for the related1De resonance below the H(n52)
threshold. This value is significantly larger than th
;0.1 meV predicted by several theoretical calculations~see
references in@21#!.

D. Future perspectives: Momentum-spread reduction

Although the resolution of the present experimental te
nique has allowed a more accurate determination of re
nance energies and the detection of the second memb
the 2$0%m

2 series, the resolution is still insufficient for ad
dressing several important questions: First, the width of

2$0%3
2 Feshbach resonance has not been resolved. Sec

the third member of the2$0%m
2 series will be barely observ

able above the background cross section. It will have a wi
which is reduced by another factor of;29, Eq. ~7!, and a
peak cross section~at infinitely high resolution! comparable
to the 2$0%4

2 resonance. Since the peak signal for the2$0%4
2

resonance is determined by the resolution, the signal at
peak of the third resonance can be estimated to be o
;5% above the background cross section. Third, it will
tedious to observe the small~10%! increase in the cross sec
tion which marks then52 threshold. The observation of thi
structure would provide a calibration of the effective phot
energy for this particular ion-beam energy and thus facilit
absolute position measurements for resonances.

As discussed in Sec. III B, the main contribution to t
photon-energy resolution is from the momentum spread
the ion beam. One of the benefits of applying the storage
is the option of using momentum-spread reduction te
niques. This is based on the long interaction times that al
the manipulation of a specific ensemble of ions before
experiment is initiated. Electron cooling is a proven tec
nique for momentum-spread reduction of stored positive i
@52#. The technique is based on the merging of a magn
cally guided electron beam with the ion beam. By match
the velocities of electrons and ions, the ions transfer mom
tum spread to the much lighter electrons. The application
electron cooling to negative ions has been less examin
Fundamentally, negative ions of course do not capture
cooling electrons, which is an advantage. More importa
however, is the fact that due to the larger cross section
collisional destruction in the rest gas, negative ions ha
much shorter storage times, typically by an order of mag
tude, than positive ions. This means that there is much
time to obtain an equilibrium situation with a coole
negative-ion beam than in the case of positive ions.

The ASTRID electron cooler has been applied to t
1.6-MeV D2 beam. The effect of the electron beam is d
termined by observing the Schottky signal from the i
beam. As a consequence of the much shorter storage tim
standard spectrum analyzer cannot be used for this purp
since the frequency spectrum is changing on a sub-sec
time scale. Instead an RF mixer and a frequency gener
~local oscillator! are applied to shift the Schottky signal t
2-9
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the;10 kHz regime. The mixed-down signal is sampled
a standard PC analog-to-digital converter following each
jection and commercial fast-Fourier-transform routines
used to determine the time-varying frequency spectrum. F
lowing proper alignment of the electron and ion beams,
effect of the electron beam is unfortunately not just to red
the momentum spread and consequently the width of
Schottky spectrum, but also to cause large and tim
dependent shifts in the central frequency. This is due to r
gas atoms being ionized by the electron beam and the re
ing positive ions being captured in the space-charge pote
of the electrons. This trapping then partially cancels
space-charge potential and thus increases the kinetic en
of the electrons during interaction with the ion beam. Co
sequently, the ions are dragged to gradually higher veloc
as this capture process proceeds. This process also
place for positive ions, but within several seconds an eq
librium is obtained and the Schottky frequency becomes c
stant. For the negative-ion beam, however, this process
several storage times leading to very small ion currents
hence small signal levels for the experiment. In order
shorten the time to reach equilibrium, a small AC field tran
verse to the electron beam is applied that excites the ra
motion of the trapped ions@53#. With this technique a narrow
and stable Schottky peak 2.8 to 4.5 seconds after the co
is turned on is observed. Unfortunately, the momentum
tribution obtained so far is not a simple Gaussian, but rat
a fairly narrow Gaussian~with a width corresponding to
Dp/p5131024) sitting on a broader pedestal (Dp/p59
31024) representing;10% of the stored ions. Regardin
only the narrow~cooled! part of the beam, the electron coo
ing provides an improvement in resolution by a factor
four. Future improvements beyond this preliminary limit a
expected and it seems feasible to avoid the broad pedes

The photodetachment cross section in the vicinity of

2$0%3
2 resonance is measured during the application of e

tron cooling. The results, shown in Fig. 3, exhibit a pe
which is roughly half as broad as that of Fig. 2~b!. This
reduction is smaller than the factor of four improvement
resolution measured in the Schottky spectra and is a si
ture of the contribution from the natural width of the res
nance. Although the experimental points on Fig. 3 should
regarded as preliminary in the sense that they are obta
with a comparatively low photon flux~poor statistics! and
with an uncooled component of the ion beam, the data h
been attempted fitted to a Fano profile convolved with
experimental resolution as determined from the shape of
Schottky peaks. The low statistics in the tail of the resona
exclude a determination of the asymmetry parameterq, but
by applying a value in the interval230 to 210 ~as deter-
mined experimentally above, Sec. IV A!, the width can be
determined to be 57~15! m eV, with the uncertainty repre
senting only the statistical spread. This number is~within the
quoted uncertainty! independent of the choice forq inside
the above interval. The width obtained with the cooled be
is consistent with the determination of Sec. IV A, but a
pears to be slightly higher than the most recent theoret
predictions, c.f. Table I. A reinvestigation of the2$0%3

2 reso-
nance with better resolution and higher photon flux is sch
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uled for the near future. An improved result should be able
destinguish between the various theoretical results for
width ~see Table I!.

As mentioned in the introduction, the Bryant group h
contributed an enormous amount of information about1P
resonances in the negative hydrogen ion. Their techni
was very versatile for a large photon-energy range. The
proved resolution provided by the present technique
proven useful for the study of very narrow structures in t
photodetachment cross section and it seems an obvious
tension of the present studies to examine theA52 series of
resonances below H(n53), which went undetected in th
previous studies. The resolution of the present technique
however, dependent on the ion-beam energy needed to
tain the required effective photon energy. It follows from E
~4! that an increased beam energy leads to a poorer res
tion. For instance, in order to obtain an effective phot
energy corresponding to then53 threshold, the beam wil
need a kinetic energy of 19.4 MeV (H2), which would re-
duce the resolution from the present 180meV to 1.7 meV.
This certainly allows an improved-resolution investigation
theA51 series below then53 threshold, where two mem
bers have already been observed@8,14#. The resolution does
not, however, permit studies of the narrow~and weaker! A
52 resonances belown53. These resonances should a
pear as strongly asymmetric Fano profiles (q;1) and with
the resolution above would only modulate the signal
;2% ~for the 3$0%4

2 and 3$0%5
2 1P0 resonances, based o

parameters from@32#!. As a consequence, the study
higher-lying resonances also requires the application
momentum-spread-reduction techniques. The resonances
however, also fairly weak, but if the resolution is improve
by a factor of ;10, the twoA52 resonances discusse
above would give a.10% modulation and could be ob
served by collecting data for long periods. The observat

FIG. 3. Relative photodetachment cross section vs. effec
photon energy for the region near the2$0%3

2 Feshbach resonanc
after the application of electron cooling. The points are experim
tal data while the solid curve represents the best fit to a Fano pr
convolved with the experimental resolution determined from
Schottky-frequency measurement, as discussed in the text. Th
ror bars indicate a statistical uncertainty of one standard deviat
2-10
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of members of anotherA52 series would be a strong test o
theoretical predictions.

V. CONCLUSION

Although seemingly the most simple negative ion, t
spectrum of H2 is still not fully explored. Gains in the ex
perimental knowledge of the system are closely linked
on-going technical developments. On the theoretical side,
new experimental abilities immediately prompt a reinves
gation of the structure of the system. For instance, the tr
cation of the dipole series due to the relativistic splitting
the n52 threshold was pointed out already by Gailitis a
Damburg@49#, but due to the extremely large basis needed
describe the highly-excited states, it is only through mod
computational approaches that the precise behavior ca
predicted@27,33#. At the time of publication of our first ex-
-

Re

02270
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-
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perimental results@23#, little attention had been paid to th
higher-lying members of theA52 series. Since then the
situation has changed and it seems the next major contr
tion should be made by experiment. The preliminary stud
presented in this paper indicate how this may be obtai
through the use of momentum-spread reduction techniqu
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@53# J. Marriner, D. Möhl, Y. Orlov, S. Van der Meer, and A

Poncet, Part. Accel.30-31, 971 ~1990!.
2-11


