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Dielectronic recombination resonances in F6¿
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Electron-ion recombination spectra of the Li-like ion F61 in the energy range 0.020.6 eV from two
different ion storage rings are presented, showing excellent agreement. The experimental results are compared
with a calculated spectrum, obtained by combination of relativistic many-body methods and complex rotation,
and the agreement is found to be very good. The recombination spectrum in the studied energy region is
determined by the 2pj6, j 8

8 dielectronic recombination resonances. The lowest-energy resonances are found
around 10 meV, and include one broad resonance overlapping the threshold. The recombination rate coeffi-
cients are, even in this region, very well accounted for by the calculation. It is further shown that the nonrela-
tivistically allowed resonances contribute to less than 60% of the integrated rate coefficients in the specified
energy range.
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I. INTRODUCTION

In electron-ion collisions, a free electron may be captu
by an ion which is simultaneously excited. In an inver
Auger process a doubly excited state is created, and if
intermediate state decays radiatively, dielectronic recomb
tion ~DR! is completed. Dielectronic recombination is a fu
damental recombination process important for modeling
astrophysical and fusion plasmas. In addition, it is a tool
studying the structure and decay channels of atomic dou
excited states. It gives access also to those states in
which are not accessible through photon excitation from
ground state.

The development of ion storage rings and cooling te
niques has greatly improved the accurate determination
resonance positions~at present with 1–10 meV precision fo
low-energy resonances! and recombination rate coefficien
on an absolute scale, compared to plasma@1,2# and single-
pass@3,4# experiments.

Most of the dielectronic recombination data needed in
plications are calculated using so-called production cod
The storage ring experiments make it possible to benchm
calculations and to obtain a better understanding of their
curacy.

Here we present a detailed determination of recomb
tion of lithiumlike fluorine. Lithiumlike ions are simple
enough to be treated with pureab initio methods due to the
relatively simple structure of both the initial ion and the b
rylliumlike recombined ion, but still sufficiently complicate
to require a full many-body treatment. To match the expe
mental precision achieved at present, it is necessary to
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count for correlation to high orders as well as for relativis
and radiative effects.

Calculations taking these effects into account have b
performed and the results are compared with spectra f
two independent measurements recorded at two diffe
heavy-ion storage-rings, TSR and CRYRING. The cons
tency between these two measurements is also an impo
check for the reliability of merged-beam recombination e
periments.

Some basic aspects of the recombination process are
cussed in Sec. II. In Sec. III we discuss the computatio
method, followed by a description of the experimental wo
in Sec. IV. Experiment and theory are compared in Sec.

II. DESCRIPTION OF THE PROCESS

Dielectronic recombination is a resonant process where
electron recombines with an ion through

Aq11e2→A(q21)1** →A(q21)1* 1\v, ~1!

whereA(q21)1** denotes the resonant doubly excited st
and A(q21)1* any state bound below the ionization thres
old. Relatively far from the threshold, i.e., when the ener
distance from the threshold is much larger than the width
the resonance, Eq.~1! can be regarded as a two-step proce
Furthermore, if there are no overlapping resonances of
same symmetry, a common situation, the cross section
tribution of one doubly excited state is well described by
Lorentz profile
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where«e is the energy of the incident electron, (Ed2Eion) is
the energy position of the doubly excited state with respec
the initial state in the target ion, andG is the natural lifetime
width of the doubly excited state. The integrated cross s
tion, or the strengthS, is proportional to the capture rat
Ai→d

a into the doubly excited stated, and to the probability of
stated to decay radiatively to a nonautoionizing level.

S5E s~«e!d«e5
\3p2

2me~Ed2Eion!

gd

gi

Ai→d
a (

s
Ad→s

rad

Aa1(
s

Ad→s
rad

.

~3!

The multiplicity of the intermediate doubly excited state
given by gd and that of the initial target state bygi , with
gi52 for the Li-like F61 ion. Aa5Ga/\ is the total autoion-
ization rate from the doubly excited stated, andAd→s

rad is the
radiative transition rate from leveld to a levels below the
ionization threshold, which, in the dipole approximation,
given by

Ad→s
rad 5

1

gd
(

Ms ,Md

e2

4p«0

4

3\ S v

c D 3

^Cs
JsMsur uCd

JdMd&2, ~4!

with v5(Ed2Es)/\, whereEs is the energy of a specific
final state. The sum in Eq.~4! is over all magnetic substate
of the two levelsd and s. The last denominator in Eq.~3!
equals the total transition rateG/\ from the doubly excited
state. If this state, as in the case discussed here, can aut
ize only to the ground state of the target ion then the au
ionization rateAa in the denominator equals the capture ra
Ai→d

a in the nominator. As can be seen in Eq.~3!, the strength
is inversely proportional to the position of the resonan
relative to threshold~i.e. relative to the initial state in the
target ion!, (Ed2Eion), and depends crucially on the slowe
type of the decay of the doubly excited state through the r
AaArad/(Aa1Arad). For light to medium heavy systems th
radiative rate is usually the slowest, and it is thus this r
that determines the recombination rate. Exceptions to
rule may occur when the two electrons are very asymme
cally excited (n1!n2), but it holds for all the doubly excited
states studied here.

For resonances close to threshold, perhaps with the w
of the resonant state overlapping it, the just described
lated resonance approach will not be valid. The shape of
resonance is then not simply a Lorentzian but is stron
modified by the threshold. Close to the threshold the dir
radiative recombination~RR! channel is also important, i.e
the system proceeds directly from the initial to the final st
in Eq. ~1! without the doubly excited intermediate ste
When the amplitudes for radiative and dielectronic recom
nation are of the same order of magnitude these proce
should, in principle, be treated in a unified way. Photoioni
tion calculations are good guides for how such calculati
can be performed.

Recombination is the time inverse of photoionization, a
the cross section for photoionization is often calculated
01270
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photoabsorption. This is possible because if the system, a
absorbing a photon, enters into a doubly excited state ab
the ionization threshold, it will more or less always decay
electron emission and thus finally contribute to ionizatio
The probability that the system emits a photon instead
decays back to a bound state is usually very small si
Arad!Aa. In the same way the recombination cross sect
will be completely governed by photon emission wh
Arad!Aa, since thenAaArad/(Aa1Arad)'Arad. Hence, re-
combination can be calculated as the time inverse of ph
absorption.

The calculations on recombination of F61 presented here
have been performed using two methods. With relativis
many-body perturbation theory in an all-order formulati
we have calculated the doubly excited states and obta
resonance positions and widths. This method has previo
been used for lithiumlike argon, neon, carbon, and nitrog
@5–9#, and Eq.~3! was used to obtain the strength contri
uted by each resonance. With an alternative approach we
calculate the cross section directly as the time inverse
photoabsorption. Here no assumption is being made ab
the shape of the resonances and any interference betw
resonances or between DR and RR is automatically includ
In Sec. III we first describe the general features of the cal
lations that both methods have in common. In Sec. III D
first method is outlined and then in Sec. III E the alternat
approach is described.

III. COMPUTATIONAL METHOD

For the description of doubly excited states, an accur
treatment of correlation is generally required. Many-bo
perturbation theory~MBPT! is a method with a high poten
tial for accuracy, especially in its all-order formulation. Th
approach used here was first implemented for bound st
by Salomonson and O¨ ster@10#. The one-particle Schro¨dinger
Hamiltonian is discretized in a spherical box and on a rad
mesh, resulting in a symmetric matrix. Diagonalization
this matrix gives a discrete basis set for each, quantum
number, complete on the grid chosen. In Ref.@10# the non-
relativistic two-electron wave function is expanded in the
basis sets and the two-electron problem is solved essent
exactly in an iterative procedure. The relativistic counterp
~RMBPT! @11# starts with the Dirac equation, neglects rad
tive corrections but includes all relativistic effects within th
so-called no-virtual pair approximation~i.e., neglecting vir-
tual electron-positron pairs!. This procedure includes all ef
fects to ordera2 Ry. For systems with more than two ele
trons, Salomonson and O¨ ster have implemented the couple
cluster single- and double-excitation scheme~CCSD! @12#,
which is an approximation to the full many-particle proble
in that it neglects true three- and four- etc., particle exc
tions.

The CCSD approach has also been used for relativi
calculations, e.g., by Lindroth and Hvarfner@13# for berylli-
umlike iron and molybdenum. In Ref.@13# it is also ex-
plained how the Breit interaction, accounting for the ma
netic part and the retardation of the electron-elect
interaction, can be treated on equal footing with the ordin
3-2



h

in
un

th

it

h
er
m
e

e
r
of
fo

t
o

nc

n

nc
r-
se

e

t for

ly
lex
osi-

ons
gy
ct
d in
ts
of
rate

n-

e
he
of
by
car-
ge
ief

f
il-

-
tric
x-
a
ce
eds
ems
d
-
of
ec-
l re-

an
y to

con-

e-

it is
he
,

to

y
gy

DIELECTRONIC RECOMBINATION RESONANCES IN F61 PHYSICAL REVIEW A 66, 012703 ~2002!
Coulomb interaction between the electrons. This approac
now customary and is also used in this work.

A. The lithiumlike ion

The resonances of interest here~situated up to 0.6 eV
above the first ionization threshold of F51) are due to doubly
excited states above the F61(1s22s) level, but bound below
the F61(1s22pj ) levels. A schematic example is shown
Fig. 1. The recombination resonances are thus to be fo
see Eq.~1!, at relative electron energies

«e5E~1s22pj !2E~1s22s1/2!2DE, ~5!

whereDE is the binding energy of the outer electron wi
respect to the excited target. From Eq.~5! it is clear that if
the resonance positions are to be determined accurately
important to calculate the (2pj -2s) splittings very carefully.
The energies of the F61(1s22, j ) states are calculated wit
relativistic many-body perturbation theory in an all-ord
formulation within the single- and double-excitation sche
described in Refs.@12,13#. The results of the calculation ar
presented in Sec. V A.

B. Doubly excited states in the berylliumlike ion

To calculateDE in Eq. ~5!, the interaction between th
outer electron and the 1s2 core as well as with the inne
valence electron (2pj ) has to be treated. The calculation
the interaction between the outer electron and the core
lows that of the interaction of the 2, j state with the core. The
results are given in Sec. V B.

The autoionizing character of the states appears when
valence-valence interaction is turned on since it is resp
sible for the coupling to the 2s«, j continua. This interaction
is also crucial for a precise determination of the resona
positions.

To be able to describe autoionizing states, a descriptio
the continuum of the outgoing electrons is needed.Complex
rotation is used to be able to represent continuum wave fu
tions in a limited cavity. The combination of many-body pe
turbation theory and complex rotation has earlier been u

FIG. 1. An electron with a c.m. energy«e recombines reso-
nantly with a F61 ion to form a doubly excited state in F51. Note
that DR is only completed if the recombined ion decays by pho
emission to a state below the F61(1s22s) level. The solid arrows in
the level diagram indicate how«e is related to the excitation energ
E(1s22pj )-E(1s22s1/2) of the core electron and the binding ener
of the outer electronDE.
01270
is

d,

is

e

l-

he
n-

e

of

-

d

in the nonrelativistic case@14,15# as well as in the relativistic
case@5,7–9#. The method of complex rotation, where th
radial coordinates in the Hamiltonian are rotated,r→reiu,
has been used for a long time by many groups to accoun
the instability of autoionizing states, see, e.g., Refs.@16–18#.
The method gives the autoionization width of the doub
excited state directly as the imaginary part of a comp
energy. The real part of the energy corresponds to the p
tion of the state.

C. Perturbation expansion from an extended model space

The resonances in the berylliumlike ion F51 are in the
studied energy range dominated by the configurati
2pj6, j 8

8 , i.e., by 22 configurations which are close in ener
and which are expected to mix strongly. The mixing is in fa
often complete since many states are rather well describe
LS coupling while a relativistic calculation naturally star
with j j -coupled configurations. A general formulation
many-body perturbation theory which can handle degene
or quasidegeneratemodel spaces~see below! has been devel-
oped by Lindgren@19# and has also been discussed in co
nection with doubly excited states@20#.

The idea behind the concept of anextended model spac
is that certain strongly coupling configurations, forming t
model space, are included through direct diagonalization
the Hamiltonian, while other configurations are included
perturbation theory. The perturbation expansion can be
ried on toall ordersand can further be assumed to conver
fast if the model space is well chosen. Below we give a br
outline of the theory.

In the Rayleigh-Schro¨dinger perturbation formalism o
Ref. @19# the starting point is the choice of a model Ham
tonian,H0, and a suitable model space, spanned bym eigen-
states,F0, to H0. Different choices are possible forH0. A
common choice is to letH0 include the Hartree-Fock poten
tial from the closed shell core. For the rather asymme
states used here~one of the valence electrons is more e
tended than the other! it is advantageous to include also
decent approximation of the potential from the inner valen
electron as felt by the outer electron. Such a potential spe
up convergence considerably and can also alleviate probl
with intruder states@20#. A convenient choice is a so-calle
projected potential@20,21#. The idea is to construct a poten
tial accounting for the dominating part of the screening
the outer electron by the inner electron while the inner el
tron itself sees just an unscreened core. The additiona
quirement that the Hermiticity ofH0 should be preserved
leads to a nonlocal potential that has to be generated in
iterative procedure. The potential is nevertheless very eas
use in the perturbation expansion@21#.

The model space is the subspace, spanned by a few
figurations, in which aneffective Hamiltonianis defined. The
concept of an effective Hamiltonian, which is explained b
low, was introduced by Feshbach in the 1950s@22#. There is
a considerable freedom in choosing the model space, but
advantageous to include strongly mixing configurations. T
model space for F51 will then, in a conventional calculation
consist of all the 22 2pj6, j 8

8 configurations. Since parity is a

n

3-3
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TOKMAN et al. PHYSICAL REVIEW A 66, 012703 ~2002!
good quantum number, it is, however, possible to restrict
model space to include only configurations of one particu
parity in a practical calculation.

The projection onto the model space is written as

P5(
i

m

uF0
i &^F0

i u, ~6!

where eachF0
i denotes a (2pj6, j 8

8 )J configuration coupled
to a given total angular momentum,J. Herem is the dimen-
sion of the model space and generally there arem well-
defined eigenstates of the full Hamiltonian, which have th
major part within the model space and satisfy the equati

HCa5~H01V!Ca5EaCa. ~7!

The so-called ‘‘model functions’’ are given by the proje
tion of Ca onto the model space, i.e.,

C0
a5PCa ~a51,2, . . . ,m!. ~8!

A model function is thus a superposition of configuratio
within the model space, i.e., in the present case a superp
tion of 2pj6, j 8

8 configurations. The model functions are ch
sen in such a way that they are linearly independent, and
there is a one-to-one correspondence between them exact
solutions and the model functions. It is then possible to
fine a singlewave operatorV, which transforms all the
model functions back to the exact ones,

Ca5VC0
a ~a51,2, . . . ,m!. ~9!

The wave operator satisfies a generalized Bloch equa
@19,23#. Armed with V and P it is possible to obtain an
expression for the effective HamiltonianHeff , which gener-
ates the exact eigenvalues when operating on the m
functions,

HeffC0
a5EaC0

a ~a51,2, . . . ,m!. ~10!

The model functions can be found by diagonalization
the effective Hamiltonian within the model space. In zero
order the effective HamiltonianHeff is identical toH5H0
1V. In higher orders the effects from configurations outs
the model space will modify the effective Hamiltonian a
as a consequence the admixture of the configurations in
model functionsC0 will change slightly. A successively bet
ter approximation toV as well as to the functionsCa is
generated in every iteration. The convergence is gener
fast when all strongly interacting configurations are includ
in the model space. We notice though that it sometime
possible to obtain the effective Hamiltonian using a nonp
turbative procedure@24#.

The effective Hamiltonian in the described procedure w
not have the form of asymmetricmatrix and, hence, it will
not be Hermitian. As long as the perturbation expansion c
verges, this is not a problem. The functionsCa5VC0

a are
eigenstates to the Hermitian Hamiltonian H and will be
thogonal to each other. In the case of a complex rota
Hamiltonian the matrix is not Hermitian, but complex sym
01270
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metric. Nevertheless, even in this case the eigenfunctions
be shown to be strictly orthogonal.

D. Method 1

To obtain precise energies and widths we use the conv
tional extended model space approach as described in
III C. The model space then consists of all 2pj6, j 8

8 configu-
rations of the same parity. Most of the doubly excited sta
are calculated to fall in the energy range from the ionizat
threshold up to around 0.6 eV above threshold. The st
dominated by 2pj6s1/2 configurations as well as many stat
dominated by 2pj6pj 8 configurations are however found be
low threshold and are thus true bound states. These state
not necessarily well described numerically since they may
close in energy to Rydberg states converging to
F61(1s22s) threshold, i.e., of the type 2sn, j with high
n-quantum numbers. Such Rydberg states are too extend
be unaffected by the radial box used in the calculation a
will not appear as physical states. The 2pj6, j 8

8 states that are
close in energy to a Rydberg state will be affected by it a
if the latter state is affected by the box description this will
some extent also be the case for the former states. This p
lem is, in practice, hard to avoid since the density of Rydb
states becomes very large just below the threshold and
box size will limit the number of physical Rydberg stat
described. The radial overlap with a localized 2pj6, j 8

8 state
is, of course, very small, but when energies nearly coinc
the admixture could anyhow be substantial. Since the R
berg states are not calculated explicitly, their major weigh
outside the model space, and it is difficult to check to wh
degree this is happening. In this respect it would be an
vantage to use a method that yields also the Rydberg s
explicitly. This is one reason to use ‘‘Method 2’’ below.

Two states, (2p3/26p1/2)J51 and (2p3/26p1/2)J52, are situ-
ated around 10 meV above threshold. The latter is very n
row while the first is broad and overlapping the thresho
Equation~3! is not well suited for resonances close above
ionization threshold, especially not if the resonance is ov
lapping the threshold. The implicit assumption in Eq.~3! is
that the cross section has a Lorentzian shape. However, c
to the threshold the cross section changes drastically.
need to calculate the energy dependence of the cross se
in this region is a second reason for ‘‘Method 2’’ below.

E. Method 2

As discussed above, the most important type of confi
ration interaction is that within the 2pj6, j 8

8 configurations.
To obtain the widths, it is also necessary to fully include t
channels from the discretized description of the 2s1/2«, j
continua. All other configurations have only minor weight
the resonances closely above the F61 threshold. A conse-
quence of using a discretized continuum is that there is
clear distinction between it and the Rydberg states 2s1/2n, j .
The 2s1/2n, j states with lown are physical states that ar
well described in the radial box, but with increasing ener
3-4
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DIELECTRONIC RECOMBINATION RESONANCES IN F61 PHYSICAL REVIEW A 66, 012703 ~2002!
the states transform smoothly to ‘‘box’’ states, which a
nonphysical states able to span the true state within the
ited cavity.

In ‘‘Method 2’’ all the configurations 2s1/2n, j ~i.e., in-
cluding the discretized continua! are added to the 2pj6, j 8

8
configurations to form a giant model space. Typically t
model space now consists of several hundred configurati
The configurations outside the model space are still inclu
by a perturbation expansion.

The extended model space method described in Sec.
can, in principle, also be used to all orders with very lar
model spaces, the requirements on disk space and comp
time will however give a limit beyond which such a calc
lation is not feasible. However, the most important contrib
tions are now included in the model space, and thus will
treated exactly by diagonalization of the Hamiltonian a
only configurations with a minor weight are include
through the perturbation expansion. We have then chose
restrict the expansion to second order in the electron-elec
interaction.

A description of the 2s«, j continua is now available. In
the time inverse process, photoionization, these continua
conveniently used to span the space available for the sys
after photoabsorption@25#, and here they are used to calc
late the direct radiative recombination.

Rescigno and McKoy@26# have discussed how th
method of complex rotation can be applied to photoabso
tion. The cross section for absorption when the system i
bound states is calculated as

ss→all
ph ~v!5

1

gs

e2

4p«0

4p

3

v

c

3ImS (
n

^CsureiuuCn&^CnureiuuCs&
En2Es2\v D .

~11!

As in Eq.~4! it is assumed in Eq.~11! that the sum runs ove
all magnetic substates, and the result is then averaged
the magnetic substates of the initial states by division with
gs , the multiplicity of states. The sum overn runs over all
states, the doubly excited states as well as those which
resent the continua. The energyEn is, in general, complex
and for the doubly excited states the imaginary part equ
the half-width, En5Ed2 iG/2. As discussed in Sec. II th
absorption cross section for photons energetic enough
bring the system above the ionization threshold approxim
well the photoionization cross section since the autoion
tion rate is much larger than the radiative rate for nearly
doubly excited states.

Equation~11! can be used in the case of recombinati
after a few changes. To account for electron scattering
stead of photon scattering, the expression is scaled
(kph /ke)

25\2v2/2me«ec
2. In order to average over th

magnetic substates of the true initial state~an ion in its
ground state and one free electron with multiplicitygi) and
to sum over all possible intermediate and final magnetic s
states, a factorgs /gi is introduced. The cross section shou
01270
-

s.
d

C
e
ing

-
e

to
on

re
m

-
in

ver

p-

ls

to
es
-

ll

-
th

b-

further be given as a function of the electron energy a
according to Eq.~1! \v can be replaced with

\v5«e1Eion2Es . ~12!

With these changes Eq.~11! is transformed to

ss
Recomb.~«e!5

1

gi

e2

4p«0

4p

3

v

c S \v

c D 2 1

2me«e

3ImS (
n

^CsureiuuCn&^CnureiuuCs&
En2Eion2«e

D .

~13!

The sum overn runs over all states, the doubly excited sta
as well as those which represent the continua. In this w
both recombination through resonances as well as thro
direct radiative recombination are included. Equation~13!
gives the cross section for recombination into a spec
bound states. The total cross section for field-free condition
can be obtained after summation over all bound statess. In
storage ring experiments the motional electric fields in
magnets will result in field ionization of weakly bound stat
~see Sec. IV!, and thus not all recombined ions are detect
To describe this the sum overs has to be truncated appropr
ately.

Note that the contribution from a specific term in the su
in Eq. ~13! may very well be in the form of a Lorentz profile
This will be the case for a doubly excited staten, with En
5Ed2 iG/2, when the matrix element in Eq.~13! has a van-
ishingly small imaginary part. An integration over«e will
then reproduce Eq.~3! with AaArad/(Aa1Arad) replaced by
Arad. When the imaginary part of the matrix element is co
parable in size to the real part the cross section profile
instead be asymmetric and this would be a sign of inter
ence between radiative recombination and dielectronic
combination.

IV. EXPERIMENT

The work presented in this paper demonstrates that
theory of dielectronic recombination of light Li-like ions ha
reached an accuracy that mandates comparison with ex
mental data of the highest achievable quality curren
While the precision of the calculations is expected to
comparable over a wide range of light Li-like ions@5,7–9#,
the attainable experimental spectral resolution and abso
energy calibration depend very much on the appropr
choice of ion. In the type of merged-beam experiments c
rently used to study electron-ion recombination, the pre
sion of the experimental data is superior if the spectral f
tures under consideration are located at low electron-
collision energies. Only below'1 eV is it possible to ob-
serve detailed fine structure and finite natural linewidths. T
reason for this behavior is outlined below. Dielectronic r
combination resonances at such low collision energies
pear if the excitation of the core, in this case 1s22s1/2
→1s22pj , requires an energy E2s→2p5E(1s22pj )
2E(1s22s1/2) corresponding very closely to the binding e
3-5
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TABLE I. The contributions to the energies for the 2s1/2, 2p1/2, and 2p3/2 states in F61, given relative to the ionization threshold, an
to the 2pj -2s1/2 splittings in F61.

2s1/2 (a.u.) 2p1/2 (a.u.) 2p3/2 (a.u.) 2p1/2-2s1/2 (eV)a 2p3/2-2s1/2 (eV)a

Dirac-Fockb 26.801084 26.284988 26.280043 14.0433 14.1778
D Dirac-Fock-Breitb 0.000605 0.001024 0.000445 0.0114 20.0045
Mass polarization 20.000113 20.000112 20.0031 20.0031
Correlation corrections~Coul.1 Br.!
Second-order core-valence
,max512 20.007162 20.010470 20.010392
,max513 20.007162 20.010471 20.010393
,max514 20.007163 20.010472 20.010394
,max515 20.007163 20.010473 20.010395
Extrapolation 20.007168 20.010483 20.010405
Second-order core core 0.001841 0.000835 0.000825
Sum of all second-order correlation 20.005327 20.009648 20.009581 20.1176 20.1157
Higher-order correlation 20.000233 20.000408 20.000406 20.0048 20.0047
Total RMBPT –6.806039 26.294133 26.289698 13.9293 14.0500
Johnsonet al. @37#c 13.9284 14.0491
Radiative corrections, H-liked 0.000496 20.000012 0.000013 20.0138 20.0131
Screening of radiative correctionse 20.000155 0.000004 20.000004 0.0044 0.0041
Total 26.805698 26.294141 26.289689 13.9198 14.0409
Experimentf 13.918560.0003 14.039560.0003

a1 a.u.527.211 396M /(M1me) eV.
bA Fermi distribution for the nuclear charge is used.
cIn @37# the partial wave expansion was extended up to,max58.
dJohnson and Soff@38#.
eEstimated byZ3 - scaling from Blundell@39#.
fNIST database@40#. The error estimate is found in the original reference, Palenius, H. P., Univ. of Lund~Sweden! Rep.~1971!.
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ergy of a Rydberg staten ~see Fig. 1!. For a first survey, the
binding energyDE of this Rydberg state can be approx
mated by

DE5
RZeff

2

n2
, ~14!

whereR is the Rydberg constant,Zeff5Z23 is the effective
charge of the Li-like ion core, andn is the principal quantum
number. In F61 we have the fortuitous case ofE2s→2p
'14.0 eV~see, e.g., Table I! and a binding energy of 1 Ry
or 13.6 eV for then56 state. Therefore 1s22s(2S)1e2

→1s22p(2P)6, DR resonances are expected to be loca
around 0.4 eV. Indeed, our calculations and the experim
show that then56 DR resonances, which are above thre
old, are distributed between 7 and 520 meV. Resonances
pearing at such low energies make Li-like fluorine a ve
favorable system, and the best case so far, for a deta
comparison between experiment and theory.

The recombination measurements with F61 were carried
out at the heavy-ion storage-ring TSR of the Max-Plan
Institut für Kernphysik in Heidelberg and at the CRYRIN
facility of the Manne-Siegbahn Laboratory in Stockholm.

A. TSR Experiment

In the Heidelberg experiment, a 3.9-MeV/u F61 beam
from the MPIK tandem accelerator was injected into the s
01270
d
nt
-
p-

ed

-

r-

age ring using the techniques of multiturn injection a
electron-cool stacking@27#. Using these methods, up to 1 m
of ~electric! beam current could be stored in the ring; ho
ever, in order to minimize the influence of intrabeam scat
ing on the velocity spread of the ion beam, and therefore
the energy resolution of the measurement, the recombina
spectra were recorded with 10–20mA of stored beam cur-
rent. Once the ion beam is injected, it is cooled by mergin
with a magnetically guided, cold electron beam~density
'107 cm23, longitudinal magnetic field'40 mT) over a
distance of'1.5 m. Electron cooling results in a narro
('1 mm diameter! ion beam of low velocity spread
(Dp/p'231024). In recombination experiments, the cool
device has a second function as an electron target. By s
ing the electron velocity with respect to the speed of the io
a desired center-of-mass~c.m.! collision energy can be real
ized between them. Ions that capture an electron in the co
are detected at the next bending magnet where they leav
closed orbit of the ring due to their reduced charge. The h
kinetic energy of 74 MeV makes efficient detectio
(.95%) of single recombined ions in a scintillator-count
straightforward~see Fig. 2! @28#.

The velocity spreads of the electrons and ions both lea
a broadening of the measured DR resonances. Due to
longitudinal acceleration and the adiabatic magnetic exp
sion of the electron beam@29,30#, the longitudinal and trans
verse spreads of the relative electron-ion velocities are
3-6
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DIELECTRONIC RECOMBINATION RESONANCES IN F61 PHYSICAL REVIEW A 66, 012703 ~2002!
nificantly reduced and correspond in our experiment tokTi
'0.09 meV andkT''5 meV, respectively. The tempera
tures have been measuredin situ, using line-shape analysi
of the relatively isolated, narrow DR resonance at«e
510 meV~see, e.g., Fig. 4 and@31#!. The transverse sprea
of collision energies broadens DR resonances by roug
ln(2) kT' , independent of the relative electron-ion ener
On the other hand, in the longitudinal direction the broad
ing scales with the collision energy as 4Aln(2)«e kTi ~full
width at half-maximum!. Therefore the spectral resolution
the highest at low energies and roughly equal tokT' for
collision energies

«e&
ln~2!~kT'!2

16kTi
, ~15!

where the right-hand side corresponds to'15 meV in our
case.

In addition, the absolute calibration of the energy scale
important. Experimentally, the nominal collision energy
the electron-ion c.m. system,«e , is computed from the labo
ratory electron energyEe and the ion energyEi , which in
turn is determined byEe at cooling.Ee is obtained by mea-
suring the cathode voltage of the electron gun and applyin
space-charge correction, stemming from the fact that
small ion beam~diameter'1 –2 mm) travels in the cente
of a larger~48 mm diameter! electron beam. This correctio
is calculated and depends on the knowledge of the elec
density and its distribution across the beam. Various che
have confirmed that the use of a homogeneous densit
appropriate. A notable feature of merged beam experim
is that each electron-ion collision energy can be achieved
two different laboratory energiesEe , with the electron being
faster or slower than the ion. If the relative collision ener
is plotted along the negative-energy axis for the latter ca
two mirror-symmetric spectra are obtained aroundE50, as
shown in Fig. 3. Radiative recombination has a continu
spectrum strongly peaking at«e50 (sRR}1/«e) and its
maximum accurately labels the origin of the c.m. ene
scale, independent of technical details such as space-ch
corrections. Hence the knowledge of the absolute ene
scale is again best at low energies. Uncertainties in the
termination ofEe predominantly result in a stretching of th
scale around«e50. The measurement procedure in the TS
experiment involves a toggling of the cathode voltage at
millisecond level, as explained below. The settling time
the power supply after these jumps leads to a discrepa
between the nominal and actual cathode voltages in the m

FIG. 2. The electron-cooler section of the TSR storage ring
the dipole magnet, the recombined ions are spatially separated
the original beam and detected by a scintillator counter.
01270
ly
.
-

is

a
e

on
ks
is
ts

or

e,

s

y
rge
y

e-

e
f
cy
a-

surement window, leading to a stretching of the relat
electron-ion energy scale that was determined to be ab
2.75% by comparison with the known series limits@32#. In
all TSR data plots a correction for this effect is applied. Aft
this adjustment, the absolute accuracy of the relative ene
is estimated to bed«e /«e&1%, but not less than 1 meV.

The Coulomb interaction between the electrons and
ions results in a drag force that pulls the ion beam towa
the velocity of the electrons wheneverEe5” Ei , ultimately
smearing out the recombination spectrum. This problem
circumvented using a scheme where the velocity of the e
tron beam is cycled between a longer cooling period~30 ms!
during which the electron beam is cooling the ions and
much shorter measurement window~3 ms! in which the elec-
tron beam is shifted to a velocity corresponding to a desi
collision energy. It has been verified that the velocity drag
the ions can be neglected during the measurement perio
the variation of the electron density by one order of mag
tude leads to line shifts of less than 0.5 meV for the narr
resonance at 10 meV.

The experimentally measured recombination rateR(«e) is
then converted into a recombination rate coefficienta(«e)
which represents the electron-ion recombination rate per
and unit electron density. The conversion procedure is
scribed in detail in@33#.

In the toroidal sections of the cooler, where the electro
and ions are merged and demerged, the c.m. collision en
is shifted and position dependent. As the field geometry
well known, a correction can be applied@34#. This step
yields the final experimental recombination rate coefficie
a(«e). The absolute accuracy of the rate coefficient is co
servatively estimated to beda/a&20%, it is mainly limited
by the uncertainty in the number of stored ions in the ri
and in the electron density. The experimentala(«e) is now
compared to the theoretically computed one. The theoret
spectrum is obtained by a folding of the calculated cro

n
m

FIG. 3. TSR overview spectrum of F61, negative collision en-
ergies label data taken withve,v i . The upper graph shows th
1s22s1e2→1s22pn, series, withn56,7, . . . . The lowerplot
gives an expanded view of then56 resonances close to threshol
The narrow peak at«e50 is due to radiative recombination and
off-scale.
3-7
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section spectrum with the appropriate energy distributi
The theoretically computed recombination rate coeffici
has to be adjusted for the fact that not all recombined i
end up in the scintillator counter. On the way from the
combination zone to the detector, the ions see motional e
tric fields in the magnets, especially in the dipole magn
resulting in field ionization of ions that have recombined in
sufficiently high Rydberg states. In this study, the DR sig
is not affected at all by this effect, since then56 state is
well below the cutoff for field ionization (ncut'32). How-
ever, radiative recombination can occur in arbitraryn at all
energies«e . Therefore, the contribution from RR has to b
cut off to describe the experimental situation. Since R
makes a small contribution for all but the smallest collisi
energies, this correction is not critical.

B. CRYRING experiment

The Stockholm experiment is in many ways similar to t
Heidelberg experiment described above, however, there
some important differences. The most significant differen
is in the way the cathode voltage is varied during the m
surements: In Heidelberg fast jumps of the voltage and s
measurement windows are used to avoid drag force effe
whereas in Stockholm the voltage is varied slowly in a z
zag pattern and the resulting variation of the ion veloc
caused by the drag force, is accounted for in the data an
sis. Below a brief outline of the Stockholm experiment
given, more detailed descriptions of the measurement
analysis procedures have been given previously@6,9#.

The F61 ions were produced in an electron-beam i
source~CRYSIS! and injected into the storage ring~CRY-
RING! after preacceleration by a radio-frequency quadrup
accelerator to the injection energy of 300 keV/u. After in-
jection the ions were accelerated to their final energy
7.8 MeV/u by a radio-frequency acceleration system in t
ring. The beam current, after the final acceleration, was ty
cally 1–2 mA. The ion-beam current decayed slowly with
measured mean lifetime of 36 s.

After each injection, the accelerated ion beam was coo
by a magnetically guided, cold electron beam for about
before the measurement began. The two beams were co
ear in the cooler over a distance of about 80 cm. In t
merged region the electron beam had a diameter of 4 cm
was guided by a longitudinal magnetic field of 30 mT. T
electron current was 76 mA.

During the'4-s-long measurement window the catho
voltage was varied in a zigzag pattern. From cooling,
voltage was first monotonically increased for about 1 s to a
maximum voltage, then decreased for 2 s to a minimum v
age, and finally during the last second increased back to
cooling voltage value. This zigzag scan leads to four spec
parts covering the same c.m. energy region. During the fir
s of the scan the electrons are faster than the ions w
during the last 2 s the electrons are slower than the ions. T
maximum and minimum voltages were chosen so that
four spectral parts covered c.m. energies up to about 15
This means that besides the 2p6, resonances also all 2pn,
resonances withn.6 were recorded since the energy po
01270
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tions of the 2p, j series limits equal theE2s1/2→2pj
core ex-

citation energies of'14.0 eV. However, note that the inten
sity for resonances withn.ncut are severely quenched du
to field ionization (ncut522).

After each measurement cycle the ion beam is dum
and a new injection is made. A recombination spectrum
obtained after the detected events from many identical m
surement cycles have been added together. The spec
presented from the Stockholm experiment in this work co
sisted of the events from 1098 cycles.

The recombined ions were detected by a surface-ba
detector positioned behind the first dipole magnet dow
stream from the electron cooler. The detector had a 10
detector efficiency, however, not all recombination eve
were recorded due to the high count rate (.1 kHz at low
c.m. energies! and the long dead time (175ms) of the data
acquisition system that was used. The measured recomb
tion rates were corrected for the effects of dead time in
data analysis.

The data analysis aims at obtaining absolute rate co
cients as a function of c.m. energy. Space-charge and d
force corrections are made in the analysis in order to ob
an accurate absolute energy scale. The corrections cont
few free parameters, which are optimized to achieve as g
overlap as possible between the four spectral parts from
zigzag scan. The energy scale obtained in this way is ty
cally correct to within about 4%. If the energy of at least o
feature in the spectrum is known it is possible to improve
accuracy of the energy scale significantly by a linear stre
or compression of the energy scale~since the errors in the
c.m. energies typically scale close to linear with energy! so
that the energy position of the feature fits the known val
In this case we used the positions of the series limits
calibrate the energy scale. The series limits do not giv
very well-defined feature in the spectrum, however, their
sitions can easily be estimated with an accuracy better t
1%, thus the calibration gives a slight improvement of t
energy scale.

Absolute rate coefficients are calculated from the m
sured recombination rates in a similar way as for the Heid
berg data. One difference is that the same backgroun
assumed for all data points. The background due to elec
capture in collisions with residual gas is assumed to be in
pendent of the cathode voltage~and hence independent of th
c.m. energy! and it is estimated from the measured rates
energies above the series limits, where the recombina
rate is negligible compared to the background.

An expansion factorz5100, see Ref.@29# was used in the
Stockholm experiment. This expansion factor should idea
yield kT'e'1 meV. However, line-shape analysis giv
kT'53.0 meV andkTi50.10 meV. The same values we
obtained also in an earlier measurement on F61 @35#. The
reason for the discrepancy between the measured and
expected values ofkT' is not yet known. In addition, there
are some indications of a somewhat lower measured v
for kT' , closer to the expected value of about 1 meV, fro
an experiment on Pb531 @36#.
3-8
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TABLE II. A list of the different contributions to the calculated energy positions of some of the l
energy F51(2pj6, j 8) resonances. Energies are given in eV.

2p3/2 6p1/2 2p1/2 6d3/2 2p1/2 6d5/2

J51 J52 J52 J53

(2pj -2s1/2)
a 1

Dirac-Fock description of 6, j 8 0.0104 0.0198 0.0732 0.1238
D Dirac-Fock-Breit for 6, j 8 0.0006 0.0005 0.0000 0.0000
polarization of 1s2 by 6, j 8 20.0072 20.0071 20.0019 20.0019
2pj6, j 8 correlation 0.0030 20.0017 20.0194 20.0228
Total 0.0069 0.0114 0.0519 0.0990

aThe 2pj -2s1/2 splittings include correlation and radiative corrections as listed in Table I.
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V. RESULTS

A. Calculation of the lithiumlike ion

The knowledge of the (2pj -2s) splittings is essential to
accurately determine the positions of the dielectronic reco
bination resonances. In Table I the different contributions
the F61(2s1/2), F61(2p1/2), and F61(2p3/2) energies are
listed. The first row lists the Dirac-Fock contribution. Th
second row gives the differences obtained when the B
interaction is added to the Hamiltonian to form the Dira
Fock-Breit Hamiltonian. The Breit interaction accounts f
the magnetic part of the electron-electron interaction and
the retardation of the electromagnetic field in the low-ene
limit. The retardation beyond the Breit interaction is in low
est order calculated to be only 1.631027 a.u., 21.9
31027 a.u., and 21.431026 a.u. for 2s, 2p1/2, and
2p3/2, respectively, and is not included in Table I. Th
RMBPT calculations were done with a Dirac-Fock-Breit b
sis set constructed in the potential from a Fermi distribut
of the nuclear charge. The dominating correlation contri
tion comes in second order of the perturbation expans
Table I shows the sum of the Coulomb~two order in the
Coulomb interaction! and Breit interactions~one order in
Coulomb and one in the Breit-interaction!. The latter part
gives less than 2% of the sum. The partial-wave expans
for the interaction between the valence electron and the
~core-valence correlation! is extended up to,max515. The
contributions from higher angular momenta were estima
by extrapolation as shown in Table I. The contribution to t
binding energy of the last electron that comes from inter
tions within the core~core-core correlation! is nearly one
order of magnitude smaller and includes only a finite s
over partial waves. Higher-order correlation is calcula
within the coupled-cluster single- and double-excitati
scheme@12#.

As demonstrated in Table I the RMBPT calculation is
good agreement with an earlier calculation by Johnsonet al.
@37#. The differences of 0.9 meV for both the (2p1/2-2s) and
the (2p3/2-2s) splittings are dominated by the difference
second-order correlation energy and arise from the us
either a Dirac-Fock-Breit basis set to evaluate the correla
energy~present work! or a Dirac-Fock basis set~Ref. @37#!.
The partial-wave expansion is here carried on until,max
515 and extrapolated from there. In Ref.@37# it is carried on
to ,max58 and then extrapolated, which also yields a sm
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difference. Finally, Ref.@37# includes Coulomb correlation
up to third order while the present calculation includ
higher-order correlation. This gives differences in the bin
ing energies of the 2l j states around 20–30 meV, but th
dominating parts of these differences cancel in the (2pj -2s)
splittings.

The largest radiative corrections~entering with a
quantum-electrodynamical description of the ion!, self-
energy and vacuum polarization, have been calculated
H-like systems by Johnson and Soff@38# and for many Li-
like systems by Blundell@39#. The difference between th
Li- and H-like systems, often referred to as screening, is h
estimated by aZ3 scaling from the calculation on Li-like
neon in Ref.@39#. This estimate should be correct to with
10%, but this uncertainty is of minor importance since t
whole screening correction is only 0.004 eV for the (2pj -2s)
splittings.

B. Resonances in the Be-like ion

The position of a (2pj6, j 8) resonance is determined b
the (2pj -2s) splittings and by the interaction of the oute
electron with the 1s2 core as well as with the inner valenc
electron (2pj ). In Table II the different contributions to the
resonance positions are listed for a few of the low ene
resonances.

As a first approximation the 6l j states are calculated in th
potential from the core and from an electron inn52, the
latter is the so-called projected potential discussed in S
III C. The 6s electron has then a binding energy
'14.56 eV. Since the (2p1/2-2s) and (2p3/2-2s) splittings
are 13.92 eV and 14.04 eV, respectively, the (2pj6s1/2) state
is expected to be bound below the ionization threshold. T
6p1/2 electron has, however, a binding energy
'14.07 eV, i.e., just slightly larger in magnitude than t
(2p3/2-2s) splitting. Thus, in this lowest order approximatio
the (2pj6p1/2) states should be slightly bound, but the fo
lowing refinements were clearly necessary to sort
whether this is really the case.

First, Be-like fluorine is not well described byj j cou-
pling. The j j configurations given in Table II are thus ju
rough labels indicating the most important configuratio
e.g., the first J51 resonance, listed in Table II a
(2p3/26p1/2), is to only 88% described by that configuratio
The following J52 resonance is listed as coming from th
3-9
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TOKMAN et al. PHYSICAL REVIEW A 66, 012703 ~2002!
same configuration, but is in reality dominated
(2p3/26p1/2) and (2p3/26p3/2) in nearly equal amounts. In
this situation a reasonable first approximation can only
obtained by diagonalization of the Hamiltonian within th
space of the (2pj6pj 8) configurations. The first row in Table
II gives the result of such a diagonalization when thel j

states are interacting with the core through a Dirac-Fock
tential. The second row gives the difference when it intera
through a Dirac-Fock-Breit potential. For 6, j states with,
>2 this has no effect in the figures shown. The third ro
gives the extra binding due to the polarization of the core
the 6, j electron. This is, in principle, a correlation effect.
this approximation one finds that of the ten (2pj6pj 8)J states
six are bound and four form resonances. The two (2pj6pj 8)J

resonances with the lowest energy are listed in the first
columns of Table II. In the next step the interaction betwe
the 6, j and the 2pj 8 electrons has to be treated more ca
fully. In the lowest-order approximation the interaction
just described by the so-called projected potential from
electron inn52, see Sec. III C. On the fourth row of th
table this description is replaced by the fully correlated
scription calculated as described in Sec. III D. Both Coulo
and Breit correlations are accounted for, but the latter is
minor importance.

One of the reasons to calculate the DR resonances
with Method 2 was the risk that the low-energy resonan
could be affected by bound states poorly described in
radial box used in the calculation, see Sec. III D. It is th
reassuring to find that the two methods give only small d
ferences in the energy positions: 0.57, 0.73, 0.75, and
meV, respectively, for the four resonances listed in Table
Even the width of the broad resonance at'7 meV changes
only from 0.0258 eV to 0.0271 eV.

In Table III we summarize calculated resonance positio
widths, decay rates, and strengths for all doubly exci
states dominated by (2pj6l j 8) configurations above the firs
ionization threshold of F51. Resonance positions and width
were calculated using both method 1~Sec. III D! and method
2 ~Sec. III E!, which gave similar results. In Table III thos
results obtained using method 1, based on fully correla
wave functions, are listed. Each state is labeled by a confi
ration showing the dominating contribution. This lab
should not be taken too seriously, since for many states
eral dominating configurations contribute with simil
weight and the doubly excited states of F51 cannot be well
described by neitherLS coupling norj j coupling.

To illustrate this, the dominatingLS term and its weight
are shown in the second column of Table III. It can be no
that the two lowest-energy resonances are predominant
3Pe symmetry and would thus not be allowed to autoion
in a pure nonrelativistic description. Then no recombinat
could occur through them either. In reality, however, th
dominate the recombination spectrum close to the ioniza
threshold. The third fine-structure level of3Pe, on the other
hand, is bound below the ionization threshold.

There are three 2p6, levels, situated above the ionizatio
threshold, listed in the ‘‘Atomic Spectra Database’’ provid
by NIST @40#. These levels denoted below as level 1, leve
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and level 3 are identified as 2p6p 1D2 , 2p6d 3Do, and
2p6d 1F3

o , respectively, and they are listed at energies
0.1178, 0.2623, and 0.4756 eV above the threshold. We
pect our calculated resonance positions to be good with
few meV. This estimate is supported by the agreement w
the experimental data, see Sec. V C. If we compare the r
nance positions from Table III with the literature values w
find a good agreement for the first one of the three levels
the literature but poor agreement for the other two levels

Our calculated value for the 2p6p 1D2 level is 0.1158 eV,
which only differs by 2 meV from the literature value fo
level 1. For the three 2p6d 3Do levels, on the other hand, th
calculated positions are 0.2240, 0.2471, and 0.4706 eV,
neither of those values is close to the literature value
0.2623 eV for level 2. In fact, there is only one level in Tab
III with an energy close to that literature value, the 2p6 f 3G3
level at 0.2628 eV. However, level 2 has odd parity while t
2p6 f 3G3 level has even parity. Since parity is a good qua
tum number the two levels in question cannot be the sa
We therefore conclude that the database value for leve
must be wrong. The incorrect value in the literature is m
likely due to the wrong assignment for one of the lines in t
photon spectra, which are used to deduce the level ener
The calculated energy for the 2p6d 1F3

o level is 0.2871 eV
which is far from the listed value for level 3. The 2p6d 3D3

o

level at 0.4706 eV is the only level with the right parity an
approximately the right energy. However, the calcula
autoionization rate for the 2p6d 3D3

o doubly excited state is
very high, see Table III, and it is therefore unlikely that
radiative transition has been observed from this state a
hence, level 3 is most likely also based on some errone
assignment.

The radiative transition rates and strengths listed are
culated from Eqs.~4! and~3!. As seen in Table III, the auto
ionization rates are for most resonances several order
magnitude larger than the radiative rates, which me
AaArad/(Aa1Arad)'Arad.

The cross section for recombination shown in Fig. 4
calculated with method 2. Figure 4 thus shows radiative
combination as well as dielectronic recombination. The 1«e
dependence of the cross section is clearly seen for the
radiative contribution~dotted line! as a straight line in log-
log scale. For zero relative energy the cross section thus g
to infinity. The recombination rate coefficients, obtained
folding the product of the cross section and the relat
electron-ion velocity with a velocity distribution, are how
ever finite, see Sec. V C below. The low-energy recombi
tion cross section is unusually large for F61 due to the low-
energy DR resonances. TheJ52 resonance at 11 meV i
easy to recognize in the spectrum. TheJ51 resonance at 7
meV can, on the other hand, not be distinguished from
radiative background~we separate it as the bold line in Fig
4! and will appear in an experiment as an enhancement of
background.

C. Comparison of theory and experiment

For comparison with experiment, the calculated cross s
tion is folded with an energy distribution corresponding
3-10
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TABLE III. Calculated resonance positions, widths, and strengths for the F51(2pj6l j 8) resonances. The second column gives
dominatingLS term and the extent to which it describes the state. The autoionization rate is denoted withAa and the radiative rate withArad.

Dom. LS term Resonance Width Aa Arad Strength
to % position~eV! ~eV! (nsec21) (nsec21) (10220 eV cm2)

(2p3/2 6p1/2)1
3P 60% 0.0069 0.0258 39140.74 7.7 415.09a

(2p3/2 6p1/2)2
3P 92% 0.0114 0.0001 139.98 7.0 363.63

(2p1/2 6d3/2)2
3F 79% 0.0519 0.0087 13177.12 7.3 86.97

(2p1/2 6d5/2)3
3F 93% 0.0990 0.0113 17112.59 6.7 58.35

(2p3/2 6p3/2)2
1D 93% 0.1158 0.0003 486.00 7.8 40.89

(2p1/2 6d5/2)2
1D 68% 0.1324 0.0039 5911.02 13.2 61.78

(2p3/2 6d5/2)4
3F 100% 0.1683 0.0110 16645.51 4.9 32.18

(2p1/2 6d3/2)1
3D 84% 0.2240 0.0042 6451.87 16.1 26.62

(2p3/2 6d3/2)2
3D 58% 0.2471 0.0073 11119.49 20.8 52.04

(2p1/2 6 f 5/2)3
3G 57% 0.2628 0.0243 36907.40 6.5 21.57

(2p1/2 6 f 7/2)4
3F 46% 0.2730 0.0242 36727.22 5.7 23.06

(2p1/2 6 f 7/2)3
3F 50% 0.2733 0.0010 1545.57 6.1 19.19

(2p1/2 6 f 5/2)2
3F 86% 0.2796 0.0001 210.35 6.1 13.02

(2p3/2 6d5/2)3
1F 96% 0.2871 0.0015 2301.39 25.9 77.22

(2p1/2 6g7/2)4
3H 56% 0.3057 0.0187 28458.19 3.6 13.09

(2p1/2 6g9/2)5
3G 45% 0.3064 0.0187 28374.30 3.6 15.95

(2p1/2 6g7/2)3
3G 69% 0.3070 0.0001 146.18 3.7 10.23

(2p1/2 6g9/2)4
3G 38% 0.3071 0.00001 19.63 3.7 11.16

(2p1/2 6h9/2)4
3H 55% 0.3132 0.00005 72.27 2.6 8.80

(2p1/2 6h11/2)5
3G 45% 0.3133 0.00005 81.63 2.6 10.79

(2p1/2 6h9/2)5
3I 60% 0.3151 0.0074 11225.43 2.5 10.72

(2p1/2 6h11/2)6
3H 40% 0.3153 0.0074 11224.63 2.5 12.66

(2p3/2 6d5/2)2
3P 66% 0.3267 0.0175 26607.49 9.4 17.70

(2p3/2 6d3/2)1
3P 86% 0.3408 0.0228 34659.34 18.4 20.07

(2p3/2 6d3/2)0
3P 100% 0.3485 0.0263 39944.49 14.4 5.12

(2p3/2 6p3/2)0
1S 98% 0.3632 0.1383 210172.77 7.9 2.69

(2p3/2 6 f 5/2)3
3G 43% 0.3668 0.0189 28642.00 6.4 15.00

(2p3/2 6 f 7/2)4
3F 52% 0.3734 0.0214 32538.25 6.4 19.01

(2p3/2 6 f 7/2)5
3G 100% 0.3987 0.0441 66933.83 6.7 22.96

(2p3/2 6g7/2)4
3H 44% 0.4123 0.0149 22574.30 3.8 10.23

(2p3/2 6g9/2)5
1H 56% 0.4129 0.0150 22739.61 3.8 12.52

(2p3/2 6 f 5/2)4
1G 77% 0.4214 0.0463 70396.29 6.7 17.66

(2p3/2 6h9/2)5
3I 40% 0.4257 0.0049 7377.27 2.7 8.61

(2p3/2 6h11/2)6
3H 60% 0.4261 0.0049 7438.08 2.7 10.19

(2p3/2 6h9/2)4
3H 45% 0.4324 0.000004 6.73 2.7 4.98

(2p3/2 6h11/2)5
3G 55% 0.4326 0.00002 23.52 2.7 7.64

(2p3/2 6 f 7/2)3
3D 83% 0.4331 0.0010 1533.68 6.7 13.28

(2p3/2 6g9/2)4
3F 69% 0.4357 0.0001 118.79 3.9 9.56

(2p3/2 6g7/2)3
1F 38% 0.4359 0.0002 291.29 3.9 7.64

(2p3/2 6g9/2)6
3H 100% 0.4420 0.0335 50906.41 4.0 14.55

(2p3/2 6g7/2)5
3G 55% 0.4426 0.0336 51004.35 4.0 12.27

(2p3/2 6 f 5/2)2
3D 69% 0.4454 0.0009 1438.45 6.5 9.01

(2p3/2 6h9/2)6
1I 54% 0.4467 0.0121 18446.56 2.9 10.44

(2p3/2 6h11/2)7
3I 100% 0.4470 0.0122 18597.81 2.9 12.07

(2p3/2 6h9/2)3
3G 100% 0.4515 0.0001 115.76 2.8 5.31

(2p3/2 6h11/2)4
3G 55% 0.4516 0.0001 127.80 2.8 6.83

(2p3/2 6g7/2)2
3F 100% 0.4658 0.0001 227.60 4.1 5.29

(2p3/2 6g9/2)3
3F 56% 0.4662 0.0003 416.20 4.1 7.62

(2p3/2 6d3/2)3
3D 93% 0.4706 0.0574 87198.06 20.8 38.24

(2p3/2 6 f 5/2)1
3D 100% 0.4729 0.0012 1865.82 6.8 5.28

(2p3/2 6 f 7/2)2
1D 73% 0.4936 0.0008 1218.34 6.7 8.31

(2p3/2 6d5/2)1
1P 96% 0.5260 0.0248 37749.28 17.3 12.23

aThe strength given in the table was calculated using Eq.~3!; however, this approach is not valid for resonances overlapping the thres
012703-11
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the respective experimental conditions. Figure 5 contra
theory with the data from TSR and CRYRING. General
the agreement is very good between the data and the c
lation, which reproduces all observed spectral features.
lowest narrow resonance is observed experimentally
than 2 meV away from the calculated position of 11.4 me
Such agreement is found for all individually resolved line
Single lines are not resolved experimentally in the reg
between 260 and 520 meV, but here the envelope of
overlapping resonances agrees to within a few meV with
theory, giving confidence that this is true for the underlyi
individual lines as well. The measured mean absolute
coefficients between 100 and 550 meV are 11% and 5%
low theory for the TSR and CRYRING data, respective
Hence, both experiments and theory are in mutual agreem
based on our estimated experimental uncertainty for abso
rate measurements.

The broad resonance at 7 meV is of particular intere
since its distance from the threshold is less than its comp
half-width of 13 meV. As mentioned above, the significa
presence of radiative recombination at low energy preve
us from truly resolving this line. However, its presence c
be seen unambiguously in the data. In the right graph of
5 ~a! the computed shape of this resonance is indicated
the dashed line. Below'7 meV strength from this line is
required to account for the observed rate. Furthermore,
rate seen in the depression around 20 meV cannot be
plained by radiative recombination and tails from resonan
at higher energy alone. Again, strength from this additio
broad resonance is needed, and the data are compatible
the predicted position, width, and strength. It is unfortun
that the behavior of this peak cannot be studied experim
tally very close to threshold (&2 meV), since in this energy

FIG. 4. The calculated cross section for F611e2 recombining
into F51 is plotted against relative energy~thin solid line!. The
lowest-energy resonance which is narrow and thus distinguish
is situated at 11.4 meV relative energy. The contribution from
even lower-energy resonance, which is broad and overlapping
threshold, is shown separately as the bold line. The pure radia
recombination~RR! is shown by the dotted line.
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domain merged beam experiments observe a rate enha
ment that is so far not well understood@31#.

It is interesting to see how the spectrum would look in
purely nonrelativistic description. In this case, the sta
1s22pnlL(L5,) cannot autoionize, and correspondingly n
recombination occurs, either. Figure 6 demonstrates that s
a description is totally inadequate.

It should be noted that Mitniket al. @41# also presented
theoretical recombination spectra for F61 recently. They ob-

le
n
he
ve

FIG. 5. Comparison between theory~solid line! and the TSR~a!
and CRYRING~b! experiments~data points! with no scaling be-
tween theory and experiment. The plots on the right show the s
data on a logarithmic scale to emphasize the low-energy re
nances. The contribution of the broad resonance at«e57 meV
~dashed line! is shown separately in the right upper graph. T
difference in peak heights between~a! and ~b! stems from the dif-
ference inkT' for the two storage rings. The experimentally d
rived cross sections differ by only 6%, well inside the estima
experimental uncertainty.

FIG. 6. Comparison between the data~TSR! and theory, if only
nonrelativistically autoionizing states are consider
@1s22pn,L(LÞ,), whereL is given by the dominant LS term in
Table III#, as shown by the solid line~including radiative recombi-
nation, which is also shown separately by the dashed line!. Note
that the narrow resonance at 11 meV is missing. The theore
spectrum was assembled from Lorentzians as listed in Table
leaving out the terms 1s22pn,L(L5,).
3-12
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DIELECTRONIC RECOMBINATION RESONANCES IN F61 PHYSICAL REVIEW A 66, 012703 ~2002!
tained their results from distorted-wave as well asR-matrix
calculations. Their resonance positions do not agree w
with the experimental and theoretical data presented h
For example, the narrow resonance at 11 meV appear
'40 meV in their spectra. Still, from a measurement a
cade ago@4# it would have been difficult to tell which one o
the calculations is more reliable. This indicates how imp
tant the improved resolution and accuracy of the merg
beam experiments are for testing the accuracy of differ
calculations.

From an experimental point of view, the agreement
tween the data collected at TSR and CRYRING shows
pressively that merged-beam experiments in storage-
electron coolers can yield reliable spectra all the way do
to relative electron-ion energies of at leastkT' . As de-
scribed in Sec. IV, technical details such as the methods u
for scanning the electron beam, detection, energy calibrat
etc., differ significantly between the two storage rings,
the results are virtually identical.

VI. CONCLUSIONS

We present theoretical and experimental recombina
spectra for F61 in the energy region of the 1s22p6, reso-
nances, i.e., in the region 0–0.6 eV. The theoretical data
clude energy positions, natural widths, autoionization ra
i,

ta
um
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radiative rates, and DR strengths for the 52 available dou
excited states. Two slightly different methods were used
obtain the theoretical results, and they gave consistent
sults.

Recombination spectra obtained independently fr
storage-ring experiments at TSR in Heidelberg and
CRYRING in Stockholm are compared with theory and t
agreement is found to be very good. Calculated line positi
agree with experiment to within 2 meV, and the comput
rate coefficients are experimentally confirmed to within 5%
10%, which is well inside the experimental errors. Moreov
the two experiments are in excellent agreement with e
other, which demonstrates that storage-ring experiments
able to determine precise recombination rates and reson
energies for collision energies all the way down to a fe
meV.
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