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Dielectronic recombination of N4¿
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The dielectronic recombination spectrum of N41 has been measured with high resolution and accuracy. The
1s22p5l resonances in the energy range 0 –1.6 eV were studied in detail. The experimental spectrum is
compared with the results from four different calculations. An almost perfect agreement between the experi-
ment and a calculation which combines relativistic many-body perturbation theory and complex rotation is
found. The calculation provides accurate spectroscopic data for all fifty 1s22p5l states. The literature value for
the 1s22p5s 1P energy level is found to be off by more than 0.1 eV.
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I. INTRODUCTION

Dielectronic recombination~DR! is a fundamental proces
through which a free electron may be captured by an ion
plays an important role for the dynamics of high-temperat
laboratory and astrophysical plasmas. The process is r
nant and, therefore, very sensitive to the atomic structur
the recombined ion. In recent years, heavy-ion storage r
equipped with electron coolers have made it possible
record DR spectra with high resolution and accuracy. T
spectral quality obtainable today makes stringent tests
atomic structure calculations possible. In this paper,
present the DR spectrum for Li-like N41, which recombines
into Be-like N31. The experimental spectrum is compared
theoretical spectra from four different computational mode

DR may be regarded as a two-step process. In the
step a doubly excited state is formed in the recombined
through a resonant process involving the capture of a
electron and the simultaneous excitation of a bound elect
i.e., a reverse Auger process. In the second step the do
excited state decays by emitting a photon to a state below
ionization threshold. The radiative stabilization is necess
to prevent the ion from autoionizing. In this work the follow
ing transitions are studied:

e21N41~1s22s!→N31~1s22pnl!→N31~1s22snl!

1photon or N31~1s22pn8l 8!1photon,

wheren>5 andn8,5. In the first step, the innermost of th
two active electrons remains within the same shell and i
therefore referred to as aDn50 DR process. These trans
tions are in many cases the most important ones because
typically appear at fairly low center-of-mass~c.m.! energies
and commonly give rise to the strongest resonances in
DR spectra.

*Permanent address: Department of Engineering, Physics
Mathematics, Mid-Sweden University, S-851 70 Sundsvall, Sw
den.
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Accurate measurements at low c.m. energies require w
aligned, cold electron and ion beams, which is achieved
using merged-beam techniques. The first reports of DR sp
tra from ‘‘single-pass’’ merged-beam experiments appea
in 1983 @1–3#. Since then the resolution and signal-to-noi
ratio in this type of experiments have been vastly improv
One significant improvement was the implementation of
storage rings equipped with so-called electron coolers.
such devices the ion beam can pass through the interac
region, that is the electron target, many times. The ion s
age half-life varies from seconds to days, but is typica
about tens of seconds. This time is sufficient to first use
electrons as a cooling agent for the circulating ion beam,
then to use them as a target for the recombination meas
ments. During the cooling phase, the ion-beam diame
shrinks from cm-size to about 1 mm and the longitudin
velocity and the velocity spread of the ions are tuned to th
of the electrons in the center of the electron beam. The re
lution in the recombination measurements is then prima
limited by the longitudinal and transversal temperatures
the electron beam.

During the past decade recombination spectra for a n
ber of ions have been measured at storage-ring facilit
Many of these studies have been made on lithiumlike io
such as C31 @4#, F61 @5,6#, Ne71 @7#, Si111 @8#, Cl141 @9#,
Ar151 @10#, Ti191 @11#, Ni251 @12#, and Cu261 @13#. Numer-
ous investigations on Li-like ions were also made in sing
pass experiments, recently, for example, on Au761, Pb791,
Bi801, and U891 @14#. Previous measurements of theDn
50 DR spectrum of Li-like N41 have also been made i
single-pass experiments@15,16#. Those investigations were
made with modest resolution and signal-to-noise ratio.
present the first spectrum recorded at a storage ring for
system. The resolution and signal-to-noise ratio are con
erably improved compared to the previous experimen
These improvements are essential for a critical test of th
retical results.

The interest in these Li-like ions stems from their rath
simple electronic structure with two tightly bound 1s elec-
trons and one loosely bound 2s electron. Because of this
fairly simple electronic structure the Li-like ion beams a
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P. GLANSet al. PHYSICAL REVIEW A 64 043609
free of any metastable ion fraction, the recombination spe
contain a limited number of resonances, and the formed d
bly excited states in the corresponding Be-like ions comp
a pseudo-two-electron system with two active electrons o
side a closed shell. Therefore, the calculations may be
formed with pureab initio methods. However, the electron
structure is still complicated enough to require a full man
body treatment and to match the experimental precis
achieved today it is necessary to account for electron co
lation to high orders as well as for relativistic and radiati
effects.

In Sec. II some basic aspects of dielectronic recombi
tion are discussed. The description of the experimental s
is made in Sec. III and of the computational models in S
V. In Sec. IV the data analysis is presented. The results
discussed in Sec. VI, and summarized in Sec. VII.

II. PROCESS

In DR a free electron is captured by an ion in a reson
process:

Aq11e2→A(q21)1** →A(q21)1* 1\v,

where Aq1 denotes the initial state of the target io
A(q21)1** is the intermediate doubly excited state, a
A(q21)1* is any final state bound below the ionizatio
threshold of the recombined ion.

The cross section for an isolated resonance at an en
position relatively far from threshold is given by a Loren
profile

s~«e!5
1

p
S

G/2

~Ed2Eion2«e!
21G2/4

, ~1!

where«e is the relative energy of the electron,Eion is the
binding energy of the initial state in the target ion,Ed is the
energy andG the natural lifetime width of the doubly excite
state, andS is the strength of the resonance. That the re
nance is isolated implies that there are no interference eff
with overlapping resonances of the same symmetry or w
transitions occurring directly from the initial state to the fin
states, i.e., radiative recombination channels. The reson
may be considered to be far from threshold ifG!(Ed
2Eion). In this work, all the resonances can be considere
be isolated and far from threshold.

The integrated cross section, or strength,S is given by

S5E s~«e!d«e5
\3p2

2me~Ed2Eion!

gd

gi

Ai→d
a (sAd→s

rad

Aa1(sAd→s
rad

,

~2!

whereme is the electron mass,gi is the multiplicity of the
initial target state, andgd the multiplicity of the doubly ex-
cited intermediate state.Ai→d

a is the transition rate into the
doubly excited stated, and Ad→s

rad is the radiative transition
rate from stated ~independent of the magnetic substatemd),
obtained after summation over magnetic substates of stas.
The sum over statess includes all states below the ionizatio
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threshold.Aa is the total Auger transition rate from leveld.
The doubly excited states studied in this work are all situa
below the second ionization threshold and, therefore, Au
decay can only occur to the ground state of the target
This means thatAa5Ai→d

a . Furthermore, for almost all the
doubly excited states the Auger rateAa is much larger than
the radiative rateAd→s

rad and as a consequence the strength
the resonance depends mainly on the radiative rate, whe
the natural width of the resonance depends mainly on
Auger rate.

In the measurements a rate coefficient is measured
function of relative energyErel . The rate coefficientaR is
the measured rateR normalized by the ion and electron cu
rents:

aR5
R

NineLi /Lr
g2. ~3!

In this expressionNi is the ion current,ne the electron den-
sity in the interaction region,Li the length of the interaction
region,Lr the circumference of the storage ring, andg the
relativistic Lorentz factor (g'1).

The measured rate coefficient is related to the total cr
sections tot by

aR~v rel!5E s tot~v !v f ~vW ,v rel!dvW , ~4!

wheref (vW ,v rel) is the distribution of the electron velocityvW ,
with magnitudev, relative to the ions around the averag
longitudinal center-of-mass velocityv rel . Since the electron
mass is much smaller than the ion mass,v rel
5(2Erel /me)

1/2 in the nonrelativistic limit, and the velocity
distribution is set by the distribution of the electrons.
merged-beam experiments this can be described by a ‘‘
tened’’ Maxwellian distribution@17# with different tempera-
tures in the longitudinalTi and transversalT' directions,

f ~vW ,v rel!5
me

2pkT'

expF2
mev'

2

2kT'
G3S me

2pkTi
D 1/2

3expF2
me~v i2v rel!

2

2kTi
G , ~5!

wherek is the Boltzmann constant, andv i and v' are the
longitudinal and transversal components ofvW . The term flat-
tened refers to the fact thatTi!T' .

In merged-beam experiments the electron density in
interaction region is low enough that recombination p
cesses involving more than one free electron, such as th
body recombination, can be neglected. This means that
only other recombination process, besides DR, that giv
significant contribution is radiative recombination~RR!. In
RR the free electron is captured in a nonresonant one-
~reverse photoionization! process, where the excess energy
carried away by an emitted photon:

Aq11e2→A(q21)1* 1\v.
9-2
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DIELECTRONIC RECOMBINATION OF N41 PHYSICAL REVIEW A 64 043609
The cross section for RR into a Rydberg leveln can be fairly
accurately determined using the semiclassical formula
rived by Kramers@18#,

sn~«e!5
32p

3A3
a3a0

2
q4R`

2

n«e~q2R`1n2«e!
, ~6!

wherea is the fine-structure constant,a0 the Bohr radius,q
the initial ion charge state, andR` the Rydberg energy. The
semiclassical formula works fairly well even for ions wi
electrons already bound, provided the occupied shells are
counted in the sum over the final states. Furthermore, in
experiments the recombined ions are charge separated
the primary ion beam by a strong dipole magnet, and
motional electric field experienced by the ions is enough
field ionize loosely bound electrons. The sum over the fi
states, therefore, becomes limited to a maximum valuenmax
@19#,

nmax5S 6.231010q3

F D 1/4

, ~7!

whereF is the motional electric field~in V/m!.
It should be noted that the final states reached in RR

also be reached via DR and, therefore, quantum-mecha
interference between the RR and DR pathways is, in p
ciple, possible. However, observable interference effects
tween RR and DR are very unlikely, especially since
photon energy is not detected in the merged-beam exp
ments, and hence many final states contribute to the c
sections(«e). In fact, interference effects have not been o
served in any merged-beam experiment so far. Therefore
almost all systems, one can treat RR and DR as two sepa
independent processes and the rate coefficients can be c
lated separately.

III. EXPERIMENT

The experiments were made at the Manne Siegbahn l
ratory in Stockholm using the ion storage ring CRYRIN
The N41 ions were produced in an electron-beam ion sou
and extracted at 40 keV/amu. The ion beam was transpo
from the source to the ring via a radio-frequency quadrup
which was used to preaccelerate the ions to 300 keV/a
The final acceleration to 8 MeV/amu of the ions took pla
in the ring.

The ring is equipped, on one of its straight sections, w
an electron cooler. The electron cooler provides a magn
cally confined electron beam which overlaps with the i
beam over an effective length of about 0.8 m. The elect
beam is adiabatically expanded from a beam diameter
mm at the cathode to 4 cm in the interaction region by
reduction of the magnetic field with a factor of 100 from 3
at the cathode to 0.03 T in the interaction region. The ad
batic expansion is used in order to reduce the transve
temperaturekT' of the electron beam. At the cathode th
temperature can be assumed to be Maxwellian withkT
50.1 eV. In the longitudinal direction the electron beam
kinematically compressed, due to the acceleration of
04360
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electrons, and the temperaturekTi in this direction is re-
duced to about 0.1 meV. The transversal temperature, on
other hand, is lowered only because of the adiabatic exp
sion. The CRYRING cooler, which uses a superconduct
magnet, provides an exceptionally large expansion facto
100 and thereby a low transversal temperature of the elec
beam. The optimal value ofkT' is the original temperature
divided by the expansion factor, i.e., 1 meV. However, t
results from a DR measurement on F61 indicates a some-
what higher value ofkT'53.0 meV@20#.

In the DR measurements the electron cooler fills two p
poses. First, the cooler is used to cool the ions after t
have been accelerated. The electron beam is then set to
the same average velocity as the ions, and the cold elect
thereby, through repeated collisions with the ions, sign
cantly reduce the longitudinal and transversal velocity spr
and the diameter of the ion beam. The second purpose o
cooler is to provide an electron-beam target for the ions t
enables recombination processes. To fill this purpose the
ergy of the electrons is varied in a systematic way after t
the injection and cooling phases are completed. In our m
surements the energy of the electrons is varied slowly i
zigzag pattern. After each zigzag scan, which was set to
4 sec, the ion beam was dumped and a new injection
made. For each recorded spectrum the same measuring
was repeated many times.

The ions that recombined with an electron in the coo
are charge separated from the primary ion beam by the
dipole magnet after the cooler and are detected as even
a 100% efficiency surface barrier detector positioned j
behind the dipole magnet. For each detected event three
ues are recorded in a list-mode file. These values corresp
to the pulse height from the surface barrier detector, the c
ode voltage on the electron gun, and the time at which
event occurred in the measuring cycle. The latter value
digital value generated by a function generator, which is s
chronized to the measuring cycle.

The electron current was kept at 87 mA during the m
surements. The ion-beam current was measured using a
rent transformer. Typically the ion current was about 1mA,
after acceleration and the half-lifetime was measured to
16 sec.

IV. DATA ANALYSIS

To obtain a spectrum, showing the rate coefficientaR as a
function of relative energyErel , from the list-mode data re
quires several steps of data analysis. In this section the
analysis procedure will be briefly outlined. A more detail
account of the procedure can be found in Ref.@7#.

A list-mode data file contains events from many meas
ing cycles. Injection, cooling, and the subsequent meas
ment scan appear at identical times in each of the cycles
hence, at a certain ‘‘cycle time’’ the relative energyErel is
always the same. Therefore, the data analysis aims at ge
ating the final spectrum by obtaining for each time chan
~which correspond to a specific cycle time! aR andErel .
9-3
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P. GLANSet al. PHYSICAL REVIEW A 64 043609
A. Relative energies

There were three sets of list-mode data recorded du
the beam time. One set of data covered relative energie
to about 11 eV, and two covered a narrower range up
about 1.6 eV. The former data set, hereafter referred to as
wide data set, covers all the 2pnl resonances, whereas th
latter, narrow data sets only cover the 2p5l resonances.

A ‘‘time spectrum’’ is generated from the list-mode da
by finding the total number of recombined ions as a funct
of ~cycle! time. In Fig. 1~a! the time spectrum from the wid
data set is shown. Below, in Fig. 1~b!, it is shown how the
cathode voltage varies with time. The cathode voltage fu
tion is also derived from the list-mode data. During the fi
half of the zigzag scan the electrons are faster than the i
whereas in the second half they are slower than the ions.
point at which the average electron and ion velocities are
same can easily be determined by the fact that RR is m
likely when the velocities are the same. In the time spectr
@Fig. 1~a!#, a distinct RR peak is observed at about 2.05 s

FIG. 1. ~a! A time spectrum obtained by the zigzag energy sc
of the electrons shown in~b!. ~c! The corresponding variation of th
ion energy as a function of time.~d! The relative energy as a func
tion of time. Note that the raw-data spectrum contains four p
that cover the same energy range and that the RR peak, in
middle of the raw-data spectrum, precisely defines the time
which the electron velocity equals the ion velocity.
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The real electron energyEe is related to the cathode volt
ageUcath by

Ee5e~Ucath1Usp!, ~8!

wheree is the elementary charge andUsp is the space-charge
potential, which is modeled by the formula

Usp52~12z!
I er cmec

2

vee
F112lnS b

aD2S r

aD 2G , ~9!

where I e is the electron current,r c is the classical electron
radius,c is the speed of light,ve is the electron velocity,r is
the distance from the center of the electron beam axis, ana
andb are the radii of the electron beam and the cooler tu
respectively. The parameterz accounts for the fact that re
sidual ions trapped in the electron beam reduce the ma
tude of the space-charge potential. The number of trap
ions changes with the vacuum pressure, electron energy,
electron density. However, in the present work, where
variations in electron energy and density are fairly small,z is
assumed to be a constant. In addition,r 50 is assumed, since
the ion beam after cooling is narrow and centered in
middle of the electron beam.

When the average velocities of the electrons and ions
different, the electron beam will exert a drag force on t
ions. The force will be largest when the velocity detuning
small. The drag force is large enough to cause the ion en
Ei to vary during the slow zigzag scan used, and it becom
necessary to estimate how the ion energy varies with ti
This is done by using a differential equation based on Ne
ton’s second law with a free parameterh. This parameter is
chosen so that the ion and electron velocities match at
time where the RR peak occurs. In Fig. 1~c! the variation of
the ion energy with time is shown. The figure shows that
ions are accelerated when the electrons are faster, they r
their maximum energy when the velocities match, and th
are decelerated when the electrons become slower than
ions.

The center-of-mass energiesErel are obtained from the
laboratory energiesEe andEi by the relativistic formula

Erel5@~Ei1Ee1mic
21mec

2!22~AEi
212mic

2Ei

1AEe
212mec

2Ee!
2#1/22mic

22mec
2, ~10!

wheremi is the ion mass. In Fig. 1~d! the relative energyErel
is plotted as a function of time. Note that the zigzag sc
leads to four spectral parts that cover the same energy ra
The four spectra generated should be identical in the cen
of-mass frame, and hence the resonance positions should
ally be the same in all four spectra. This matching criterion
used to further optimize free parameters in the previous s
of the data analysis. In the present study the previous s
were not sufficient to make the four spectra overlap perfec
The main reason for this is probably small uncertainties
the cathode voltage function. However, by linearly stretch
or compressing the energy values for three of the parts
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DIELECTRONIC RECOMBINATION OF N41 PHYSICAL REVIEW A 64 043609
maximize the overlap with the fourth part, an almost perf
overlap over the entire energy range was achieved.

B. Rate coefficients

The rate coefficient in each time channel is calcula
from Eq. ~3!. In this equation, the rateR is the number of
counts divided by the total acquisition time for the tim
channel, where the acquisition time equals the time lengt
one channel times the number of measuring cycles. The e
tron density is obtained from the electron current, assumin
homogeneous electron distribution in the beam. The larg
uncertainty in the determination of the rate coefficients ste
from the uncertainty in the ion current value. To minimi
this error the ion current was carefully measured simu
neously with one of the narrow data sets. The exponenti
decaying beam intensity during the 4-sec scan was taken
account. It can be estimated to be in total 20%. The de
can be seen from the RR intensities at beginning, center,
end of a time spectrum in Fig. 1~a!. The systematic erro
introduced by the uncertainties in the ion current is estima
to be less than 10%. The uncertainty in the interaction len
Li might also give a significant systematic error, which is
the same order. In other words, the experimentally de
mined rate coefficients might have a systematic error of u
20%.

C. Improvement of energy scale

When aR and Erel have been determined for each tim
channel a final spectrum can be generated for the data
The number of channels is reduced by averaging over
points which have approximately the sameErel values. In
addition, a constant background is subtracted. This ba
ground stems from detected ions which have captured
electron in collisions with rest gas atoms or molecules in
electron cooler section.

The error in the energy scale is typically less than a f
percent. The fact that linear corrections were sufficient
achieve a very good overlap between the four spectral p
~this was true for all three data sets! indicates that the error in
the energy scale can be substantially reduced by a lin
correction.

One possibility would be to use the (2pnlj ) series limits
for energy calibration. In the DR spectrum the positions
the series limits are accurately known from optical data@21#.
They correspond to the 2s-2p1/2 and 2s-2p3/2 splittings in
N41, which are 9.97617 and 10.00824 eV, respective
However, accurate calibration using the series limits is di
cult since the limits are not sharp features in the spec
Therefore, the experimental energy scale is calibrated u
the positions of DR resonances close to the series limits.
spectrum from theAUTOSTRUCTURE~AS! @22# calculation is
used. Figure 2 shows how the DR spectrum, from the w
data set, compares with the theoretical AS spectrum, in
energy region where DR resonances into high Rydberg st
(n>6) contribute, after the experimental energy scale w
linearly stretched. Here it is important to remark that t
observed energy splittings were used in the AS calculatio
and so the Rydberg series converge to the observed lim
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Thus the calculated and observed high-n resonances should
be in close agreement. It is only as we drop to low-lyi
resonances which interact strongly with the core that
might expect to, and indeed do, observe deviations. The
ergy scales in the DR spectra from the narrow data sets
then calibrated~also using a linear correction! against the
calibrated spectrum from the wide data set.

After calibration we estimate the uncertainty of the e
perimental energies to be less than 1% and not more th
meV in the region where the 2p5l resonances occur.

V. COMPUTATIONAL MODELS

We have used and compared four different computatio
approaches to calculate the low relative energy recomb
tion spectra. The different approaches are discussed be
The resonances situated up to;1.6 eV above the ionization
threshold of N31, seen in Fig. 3 and again in Figs. 4 and
are due to doubly excited states above N41 (1s22s), but
bound below N41 (1s22pj ) and dominated by 2pj5l j 8

8 con-
figurations. The resonances are expected at relative elec
energies«e5E(1s22p)1DE2E(1s22s1/2). DE can be re-
garded as the binding energy of the ‘‘outer’’ electron. T
fine-structure splitting of the 2p state is;0.03 eV, consid-
erably larger than the experimental resolution. Since N i
rather light element, where the electron-electron interact
still dominates over the spin-orbit interaction, the resonan
will not be of either 2p1/2 or 2p3/2 character, but a mixture o
the two. Accurate values for the (2pj22s) splittings are
important ingredients to obtain accurate positions for
resonances. The results obtained when the binding ene
of the N41(1s22l j ) states are calculated with relativist

FIG. 2. The DR spectrum in the energy region covering
2pnl resonances fromn56 to the series limits (n5`). The dashed
lines are obtained from the AS calculation using flight times of 1
20, 30, 40, and 50 ns. The solid line is the experimental spectr
The experimental energy scale has been linearly adjusted so tha
resonance positions fit the theoretical ones near the series lim
See the text for more details.
9-5



on
d

ee

fo

t
la
ts
tio

o
tio
a

y
t o

n

-
m

-
ely
fer-
can

-
el

ec
-
s

er

lex

P. GLANSet al. PHYSICAL REVIEW A 64 043609
many-body perturbation theory in the all-order formulati
within the single- and double-excitation scheme describe
Refs.@23,24# are shown in Table I.

A. AUTOSTRUCTURE

The two graphs on Fig. 3 show the comparison betw
experiment and AS calculations@22#. In the upper graph, the
calculation is performed withinLS coupling. In the lower
graph, the Breit-Pauli approximation is used, allowing
spin-orbit induced mixing of differentLS symmetries. As a
result several new peaks appear. This result underlines
importance of allowing for recombination also through re
tivistically forbidden channels even in very light elemen
The reason is the huge difference between autoioniza
rates and radiative rates~see Table II!. Indeed, the former
dominates over the latter even for the states which are m
stable against autoionization. Since the recombina
strength is proportional to the weakest of these decay ch
nels, as shown by Eq.~2! the autoionization can vary b
several orders of magnitude without any noticeable effec
the recombination strengths. In both calculations shown
Fig. 3, the observed 2pj -2s splittings are used as input. I
the case of AS performed within theLS coupling ~upper
panel in Fig. 3!, the two 2pj -levels areLS averaged. Equa
tion ~2! was used to obtain the strength contributed fro
each resonance.

FIG. 3. The full line histogram shows the experimental sp
trum in the low-energy region, where the 2p5l DR resonances con
tribute. The dashed curves show theoretical spectra obtained u
the AUTOSTRUCTURE method, discussed in Sec. V A. In the upp
graph the calculations were performed within theLS coupling and
in the lower the Breit-Pauli approximation was used.
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B. R matrix

The results in Fig. 4 are from a Breit-PauliR-matrix
close-coupling calculation@25#, and show the effect of de
scribing the continuum–Rydberg electron nonperturbativ
as well as allowing for interacting resonances and inter
ence between DR and RR, although these latter effects
be expected to be very small@26#. In the upper part of the
figure, the 5→4 and 5→3 radiative transitions are calcu
lated within a hydrogenic approximation. In the lower pan

-

ing

FIG. 4. Same as in Fig. 3 but for calculations using theR-matrix
method, discussed in Sec. V B.

FIG. 5. Same as in Fig. 3, but for calculations using the comp
rotation method, discussed in Sec. V C.
9-6
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TABLE I. The contributions to the 2p1/2-2s1/2 and 2p3/2-2s1/2 splittings in N41.

2p1/2-2s1/2 ~eV! a 2p3/2-2s1/2 ~eV! a

Dirac-Fock 10.0806 10.1176
D Dirac-Fock-Breit 0.0037 20.0022
Coulomb correlation 20.1028 20.1021
Breit correlation 0.0004 0.0005
Mass polarization 20.0015 20.0015
Radiative corrections, H likeb 20.0056 20.0054
Screening of radiative correctionsc 0.0020 0.0019

Total 9.9766 10.0088
Experimentd 9.97617 10.00824

a1 a.u.527.211 396M /(M1me) eV.
bJohnson and Soff@35#.
cThe 2s1/2 and 2p1/2 results are from McKenzie and Drake@36#. The 2p3/2 result is estimated from Blundel
@37# by Z3 scaling.
dReference@21#.
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all radiative transitions are calculated in theR matrix
method. In either case, the shape and magnitude of the p
are now in much better agreement with experiment than
the case of the AS calculations of Fig. 3. The fullR-matrix
calculation shows a clearly better agreement with the exp
mental results. There is still, however, a shift in energ
position for several of the peaks which might be attributed
correlation in the doubly excited states. Also here the
served 2pj -2s splittings are used as input.

C. Many-body perturbation theory calculation

The result obtained with relativistic many-body perturb
tion theory in an all-order formulation combined with com
plex rotation is shown in Fig. 5. Its agreement with the e
perimental results is remarkable. Equation~2! was used to
obtain the strength contributed from each resonance.
method was used earlier on several other lithiumlike syste
such as argon, neon, and carbon@10,27,4#.

The 2pj -2s splittings were calculated, and are presen
in Table I. The calculation of resonance positions require
interaction between each of the outer electrons and thes2

core as well as the interaction between the valence electr
The autoionizing character of the doubly excited sta

appear when the valence-valence interaction is turned o
pushes the states up above the threshold and is also re
sible for the decay to the 2s« l j continua. To be able to de
scribe autoionizing states, a description of the continuum
the outgoing electrons is needed. These functions are
square integrable, andcomplex rotationis used to represen
the states in a limited cavity. The combination of many-bo
perturbation theory and complex rotation was used earlie
the nonrelativistic case@28,29#, as well as in the relativistic
case@10,27,4#. 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.@30–32#.
The method directly gives the autoionization width of t
doubly excited state as the imaginary part of a complex bi
04360
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ing energy. The real part of the energy corresponds to
position of the state. As in theR-matrix approach the effec
of the continuum is accounted for nonperturbatively here

The 18 2pj5l j 8
8 configurations which dominate the firs

resonances above the ionization threshold in N31 are close in
energy, and mix strongly. A general formulation of man
body perturbation theory which can handle degenerate
quasidegenerate, so called,model spaces, was developed by
Lindgren@33#, and was also discussed in connection to do
bly excited states@34#. The idea behind the concept of a
extended model spaceis that certain strongly coupling con
figurations, forming themodel space, are included through a
direct diagonalization of the Hamiltonian, while other co
figurations are included by perturbation theory. The pert
bation expansion can be carried on to all orders, and
further be assumed to converge quickly if the model spac
well chosen. This method is capable of treating the corre
tion between the two outer electrons more or less exac
and has been used here. The agreement with experime
very good. Some resonances were also measured with op
methods@21#, and in most cases these values also agree v
well with the calculation. This is, e.g., the case for the thr
3Po states, giving rise to the first resonance around 0.2
for which theR-matrix method shows a slight offset.

The calculation is completely relativistic and thus with
the j j -coupling scheme. To obtain a better understanding
the character of the resonances we have projected them
a LS coupled basis, and the results are displayed in Table
As can be seen, most resonances are well described bLS
coupling. Still, resonances which would not exist nonrelat
istically show up quite noticeably. For example, the 2p5p
resonance at;0.62 eV is to 96%, of1P1

e symmetry. This
symmetry cannot autoionize. The small spin-orbit induc
admixture of S and D symmetries causes the state to
weakly autoionizing, but the rate is 1 to 2 orders of mag
tude slower than that from resonances dominated by th
symmetries (2p5p 3S1, or 3D1). The radiative rate is, how
ever, still much slower. Since the recombination strength
9-7
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TABLE II. Calculated resonance positions, widths and strength for the N31(2p5l ) resonances, from the many-body perturbation the
calculation discussed in Sec. V C. The second column gives the dominatingLS term and the extent to which it describes the state. T
autoionization rate is denoted withAa and the radiative rate withArad.

Config. Term J Resonance position Width Aa Arad Strength
Calculated Optical@21,38# (10220

to% ~eV! ~eV! ~eV! (nsec21) (nsec21) eV cm2!

2p5s 3P 100 0 0.1849 0.1846 0.004 6161 2.26 1.51
99.5 1 0.1942 0.1958 0.005 7821 2.25 4.30

100 2 0.2164 0.2165 0.004 5985 2.26 6.45
2p5s 1P 99.5 1 0.3496 0.4564 0.142 215976 3.37 3.58
2p5p 1P 96.2 1 0.6186 0.6174 0.0002 283 2.47 1.47
2p5p 3D 96.3 1 0.6720 0.6699 0.0013 1942 1.93 1.06

99.6 2 0.6804 0.6779 0.0013 1975 1.97 1.79
100 3 0.6980 0.6952 0.0013 1952 1.98 2.45

2p5p 3S 98.8 1 0.8238 0.065 99091 2.47 1.11
2p5p 3P 99.9 0 0.8553 0.8573 0.0002 316 2.38 0.34

98.8 1 0.8638 0.8607 0.003 5249 2.36 1.01
99.4 2 0.8721 0.8682 0.000007 10 2.37 1.36

2p5d 3F 93.7 2 0.9740 0.028 42889 1.61 1.02
2p5p 1D 99.4 2 0.9853 0.002 2818 3.06 1.92
2p5d 3F 99.5 3 0.9869 0.031 46951 1.67 1.47

99.9 4 1.0021 0.031 46976 1.67 1.86
2p5d 1D 93.6 2 1.0069 0.003 4073 3.38 2.08
2p5d 3D 98.2 1 1.1542 1.1522 0.0007 1074 7.84 2.50

96.0 2 1.1578 1.1552 0.0015 2318 7.69 4.09
99.6 3 1.1653 1.1652 0.0003 439 7.94 5.80

2p5 f 1F 84.7 3 1.1997 0.0007 1071 2.29 1.65
2p5 f 3F 98.8 2 1.2039 0.000010 15 2.31 1.02

84.2 3 1.2071 0.003 4943 2.12 1.52
98.2 4 1.2096 0.003 5228 2.30 2.12

2p5 f 3P 96.1 2 1.2139 1.2155 0.033 49428 4.92 2.51
98.3 1 1.2223 0.033 50691 5.02 1.52

100 0 1.2265 0.034 51611 5.09 0.51
2p5g 3G 94.9 3 1.2462 0.000007 11 1.44 0.88

51.8 4 1.2462 0.000003 4 1.44 0.93
2p5g 1G 50.7 4 1.2505 0.003 4032 1.44 1.28
2p5g 3G 92.8 5 1.2507 0.003 4005 1.44 1.56
2p5 f 3G 98.1 3 1.2556 0.070 106191 2.34 1.61

87.6 4 1.2615 0.071 107817 2.20 1.94
100 5 1.2773 0.074 112141 2.36 2.52

2p5 f 1G 88.4 4 1.2952 0.076 115558 1.63 1.40
2p5g 3H 92.8 4 1.2992 0.029 43334 1.44 1.23

52.0 5 1.2995 0.029 43388 1.44 1.51
2p5p 1S 99.9 0 1.3158 0.171 260509 2.02 0.19
2p5g 3F 94.8 4 1.3180 0.00006 92 1.44 1.20
2p5g 1F 53.2 3 1.3181 0.00004 66 1.46 0.94
2p5g 3H 100 6 1.3187 0.031 47245 1.44 1.75
2p5g 1H 55.9 5 1.3190 0.031 47284 1.44 1.48
2p5g 3F 99.9 2 1.3330 0.00007 109 1.44 0.66

56.2 3 1.3332 0.00004 59 1.44 0.91
2p5 f 3D 98.5 3 1.3343 0.0011 1697 2.33 1.51

90.9 2 1.3413 0.0011 1634 2.23 1.03
100 1 1.3500 0.0011 1727 2.35 0.65

2p5d 1F 99.5 3 1.3632 0.117 177221 9.88 6.28
2p5 f 1D 91.0 2 1.3697 0.0006 944 2.07 0.93
2p5d 1P 99.7 1 1.4409 1.4384 0.032 49273 5.96 1.54
043609-8
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proportional to the weakest of these decay channels@see Eq.
~2!#, it is more or less unaffected by the fact that recombi
tion through this channel is non-relativistically forbidden.

VI. DISCUSSION

Figure 2 shows that the calculated rate coefficients for
n>6 resonances appear to be about 25% lower than
experimental values. The systematic error in the experim
is, as discussed in Sec. IV B, estimated to be,20%. The
uncertainties in the calculated rate coefficients due to syst
atic errors are of the same order. Thus the observed di
ence can be attributed to the total systematic errors.

Field ionization limits the number of Rydberg state
which might survive the motional electric field in the dipo
magnet and be detected, to a maximumn. From Eq.~7! nmax
is estimated to be 16 in this experiment. However, reco
bined ions withn.nmax can contribute to the DR spectrum
if they decay radiatively to states withn<nmax before the
dipole magnet. How much the states withn.nmax contribute
will thus depend on the flight time of the ions from th
interaction region to the dipole magnet. The distance
tween the center of the interaction region and the dip
magnet is about 1.6 m, and the ion velocity in the expe
ments was 3.93107 m/s, which gives an average flight tim
of about 40 ns.

A ‘‘delayed cutoff’’ model accounting for the radiativ
decay of the Rydberg states was used in the AS calculati
The model was described in Ref.@7#. The calculations in Fig.
2 are made with flight times of 10, 20, 30, 40, and 50 ns.
the Rydberg resonances withn.nmax a fairly good agree-
ment between the experiment and the calculation using
estimated flight time of 40 ns is found. The delayed cut
model thus seems to work quite well in this case.

For the studied system, the DR resonances closes
threshold, at low relative energies, are due to 2p5l states.
Those resonances appear in a spectrum between 0.18 an
eV. All the three data sets measured cover this energy reg
and they yield rate coefficient spectra which are in excell
agreement with each other. Figures 3, 4, and 5 show
experimental spectrum derived from one of the narrow d
sets. The experimental spectrum is compared to the re
from calculations using the four different models describ
in Sec. V. In Fig. 3 a comparison is made with the resu
from the two different calculations using theAUTOSTRUC-

TURE method, in Fig. 4 we show the results from th
R-matrix method; and in Fig. 5 the results from the comple
rotation method.

The AUTOSTRUCTURE calculation performed within the
LS-coupling scheme yields a result which is in rather po
agreement with experiment~see the upper part of Fig. 3!. In
LS coupling, transitions to the 2p5p 1,3P, 2p5d 1,3D,
2p5 f 1,3F, and 2p5g 1,3G doubly excited states are forbid
den, since these states cannot be reached from the initial
conserving both parity and the orbital angular momentumL.
However, theLS-forbidden transitions can give a significa
contribution, which for example was shown in a previo
measurement on C31 @4# where, in fact, they gave rise to th
strongest DR resonances. For N41 it turns out that roughly
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one third of the DR strength for the 2p5l resonances is due
to LS-forbidden transitions. Therefore, it is not that surpr
ing that theLS-coupling method fails to reproduce the e
perimental spectrum.

The results from AS calculation using the Breit-Pauli a
proximation ~see the lower part of Fig. 3! and R-matrix
methods~Fig. 4! agree considerably better with experimen
These models seem to give a total strength which agrees
experiment. However, as is also the case for theLS-coupling
results, the resonance positions do not match with the exp
mental ones. The difference in peak positions is in m
cases well outside the experimental uncertainties and i
cate that some correlation contributions are still missi
Furthermore, although the rate coefficients are in fairly go
agreement overall, some of the peaks are underestimated
others appear to be overestimated in Figs. 3 and 4~upper!.
Apart from the energy shift, theR-matrix results in Fig. 4
~lower! only differ noticeably from experiment for the pea
centered at 1.2 eV, which is sensitive to resonance posit
~i.e. mixing!.

The results obtained with many-body perturbation the
combined with complex rotation, on the other hand, are
almost perfect agreement with experiment. The theoret
rate coefficients are slightly higher than the experimen
ones, but the difference is well within the experimental u
certainties.

It should be noted that the natural widths have not be
taken into account in the AS spectra shown in Fig. 3. T
widths of the peaks in those theoretical spectra are only
to the instrumental resolution. A few of the lines, which a
substantially broadened by their natural widths, therefore
pear much sharper than in the experimental spectrum. N
also that, for theR-matrix method, contributions from both
DR and RR are implicitly included in the method. For th
other methods, an RR contribution has been added to
calculated DR spectra. The RR contribution was calcula
as outlined in Sec. II, withnmax516.

The high accuracy of the many-body perturbation the
calculation is confirmed by the good agreement for
2s-2p1/2 and 2s-2p3/2 splittings in N41, with the experimen-
tal values to within approximately 631025. The calculated
splittings are 9.9766 and 10.0088 eV, and the experime
splittings are 9.97617 and 10.00824 eV. Note that the inc
sion of radiative effects@35–37# is important to obtain such
an agreement, since their contribution is one order of m
nitude larger than the present difference between theory
experiment. The results of the complex-rotation calculat
for the, in total, 50 2p5l doubly excited states in N31 are
summarized in Table II. The states are denoted by th
dominant configuration and anLS term. From optical data in
the literature@21,38# it is possible to derive the resonanc
positions for 16 of these states. According to Ref.@38#, the
errors in the optical values should be less than 2 meV.
estimate that the errors in the resonance positions from
complex-rotation calculation are less than 2 meV as w
The differences between the calculated and optical values
less than the combined maximum error of 4 meV for all b
one of the 16 resonances. For the 2p5s 1P state the optical
value is 0.4564 eV, whereas the calculated value is 0.3
9-9
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eV. The calculation shows that this state has a large nat
width of 142 meV. The state, thus, gives rise to a very bro
resonance in the recombination spectrum, which, becaus
its large width, is observed as a weak feature in our exp
mental spectrum. The position and width of this feature s
port the calculated results for the 2p5s 1P state. We con-
clude that the optical value for this state is wrong.

Furthermore, theJ quantum number of the optically ob
served 2p5 f 3P state at 1.2155 eV is not specified in th
literature. From our calculated results we find that the s
must haveJ52, since only theJ52 state is close enough i
energy, at 1.2139 eV, to fit the optical value.

In addition to the resonance positions, Table II also
cludes the natural widths, autoionization rates, radia
rates, and DR strengths for the 50 2p5l states. It is interest-
ing to note that, for states with differentJ’s belonging to the
same triplet term, the autoionization rates~and consequently
also the widths! vary substantially if the transitions from
2p5l to the 1s22s continuum areLS forbidden, whereas the
rates are almost identical if the transitions are allowed. T
reflects the fact that the autoionization rates for the ‘‘forb
den states’’ depend critically on the amount of mixing w
‘‘allowed states’’ with the same total angular momentumJ.

VII. SUMMARY

We have measured the electron–ion recombination s
trum of N41 with high resolution. The measured spec
-
tt.
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have been compared to theoretical results obtained from
different methods. The complex-rotation method yields
sults which are in excellent agreement with the measu
spectrum. Resonance positions, natural widths, autoion
tion rates, radiative rates, and DR strengths calculated w
this method are presented for all the 50 2p5l doubly excited
states in N31. The resonance positions are also compared
those optical values which are available. The calculated
sitions are found to agree very well with these optical valu
except for the 2p5p 1P state for which the literature value i
concluded to be wrong.

We believe that the resonance positions from
complex-rotation calculation, in fact, are as good as the
tical values in the literature. A conclusion supported by t
excellent agreement with the resonance positions in our
perimental DR spectrum. Our results thus provide ene
levels for all 50 2p5l levels in N31 at the same accuracy a
the currently available 16 levels.
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