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The dielectronic recombination spectrum of'Nhas been measured with high resolution and accuracy. The
1s?2p5l 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 8886l states. The literature value for
the 1s?22p5s P energy level is found to be off by more than 0.1 eV.
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[. INTRODUCTION Accurate measurements at low c.m. energies require well-
aligned, cold electron and ion beams, which is achieved by
Dielectronic recombinatiofDR) is a fundamental process using merged-beam techniques. The first reports of DR spec-
through which a free electron may be captured by an ion. Itra from “single-pass” merged-beam experiments appeared
plays an important role for the dynamics of high-temperaturén 1983[1-3]. Since then the resolution and signal-to-noise
laboratory and astrophysical plasmas. The process is resgtio in this type of experiments have been vastly improved.
nant and, therefore, very sensitive to the atomic structure oDne significant improvement was the implementation of ion
the recombined ion. In recent years, heavy-ion storage ringstorage rings equipped with so-called electron coolers. In
equipped with electron coolers have made it possible t@uch devices the ion beam can pass through the interaction
record DR spectra with high resolution and accuracy. Theegion, that is the electron target, many times. The ion stor-
spectral quality obtainable today makes stringent tests ofige half-life varies from seconds to days, but is typically
atomic structure calculations possible. In this paper, webout tens of seconds. This time is sufficient to first use the
present the DR spectrum for Li-like*Nl, which recombines electrons as a cooling agent for the circulating ion beam, and
into Be-like N°*. The experimental spectrum is compared tothen to use them as a target for the recombination measure-
theoretical spectra from four different computational modelsments. During the cooling phase, the ion-beam diameter
DR may be regarded as a two-step process. In the firghrinks from cm-size to about 1 mm and the longitudinal
step a doubly excited state is formed in the recombined iowelocity and the velocity spread of the ions are tuned to those
through a resonant process involving the capture of a freef the electrons in the center of the electron beam. The reso-
electron and the simultaneous excitation of a bound electrorytion in the recombination measurements is then primarily
i.e., a reverse Auger process. In the second step the doubliynited by the longitudinal and transversal temperatures of
excited state decays by emitting a photon to a state below thiae electron beam.
ionization threshold. The radiative stabilization is necessary During the past decade recombination spectra for a num-
to prevent the ion from autoionizing. In this work the follow- ber of ions have been measured at storage-ring facilities.

ing transitions are studied: Many of these studies have been made on lithiumlike ions,
such as € [4], F®* [5,6], N&'" [7], Si** [8], CI*** [9],
o™+ N4 (1s22s)—N3" (1s22pnl)— N3+ (1s?2snl) Ar'>* [10], Tit®" [11], Ni*>* [12], and CE®" [13]. Numer-

ous investigations on Li-like ions were also made in single-
+photonor N*(1s?2pn’l") +photon,  pass experiments, recently, for example, on/%y P,
Bi®", and U°" [14]. Previous measurements of then
wheren=5 andn’<5. In the first step, the innermost of the =0 DR spectrum of Li-like N* have also been made in
two active electrons remains within the same shell and it isingle-pass experimen{d5,16. Those investigations were
therefore referred to as an=0 DR process. These transi- made with modest resolution and signal-to-noise ratio. We
tions are in many cases the most important ones because thpsesent the first spectrum recorded at a storage ring for this
typically appear at fairly low center-of-mags.m,) energies system. The resolution and signal-to-noise ratio are consid-
and commonly give rise to the strongest resonances in therably improved compared to the previous experiments.
DR spectra. These improvements are essential for a critical test of theo-
retical results.
The interest in these Li-like ions stems from their rather
*Permanent address: Department of Engineering, Physics argimple electronic structure with two tightly bound Elec-
Mathematics, Mid-Sweden University, S-851 70 Sundsvall, Sweirons and one loosely boundsZlectron. Because of this
den. fairly simple electronic structure the Li-like ion beams are
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free of any metastable ion fraction, the recombination spectrghreshold.A? is the total Auger transition rate from level

contain a limited number of resonances, and the formed dourne doubly excited states studied in this work are all situated
bly excited states in the corresponding Be-like ions comprisge|ow the second ionization threshold and, therefore, Auger
a pseudo-two-electron system with two active electrons Outgecay can only occur to the ground state of the target ion.

side a closed shell. Therefore, the calculations may be pefhis means thad®=A2 . Furthermore, for almost all the

formed with pureab initio methods. However, the electronic doubly excited states the Auger ra&@ is much larger than

structure is still complicated enough to require a full Many-i e« radiative rate\
body treatment and to match the experimental precisior?he resonance de
achieved today it is necessary to account for electron COM&t o natural width
lation to high orders as well as for relativistic and radiative

effects.

In Sec. Il some basic aspects of dielectronic recombin
tion are discussed. The description of the experimental se
is made in Sec. Ill and of the computational models in Sec,

d—s and as a consequence the strength of
pends mainly on the radiative rate, whereas
of the resonance depends mainly on the
Auger rate.

In the measurements a rate coefficient is measured as a

&unction of relative energy,. . The rate coefficientry is
Yhe measured rate normalized by the ion and electron cur-

rents:

V. In Sec. IV the data analysis is presented. The results are

discussed in Sec. VI, and summarized in Sec. VII.

Il. PROCESS

_ R 2 3
RN L, )

In DR a free electron is captured by an ion in a resonantn this expressiom; is the ion currentn, the electron den-

process:

AT L em AT DT A@m DI g,

sity in the interaction regiorl,; the length of the interaction
region, L, the circumference of the storage ring, apdhe
relativistic Lorentz factor §~1).

The measured rate coefficient is related to the total cross

where A" denotes the initial state of the target ion, sectionoy, by

A(q—1)+**

threshold of the recombined ion.

is the intermediate doubly excited state, and
Al@~D** is any final state bound below the ionization

ar(vre) = f o0V (V,0,e)d0, (4

The cross section for an isolated resonance at an energy
position relatively far from threshold is given by a Lorentz \wheref(v,v,,,) is the distribution of the electron velocity,

profile

so=Ls T2
agle = — y
& T (Eg—Ejon—ee)2+T2/4

&Y

whereeg, is the relative energy of the electrog;,,, is the
binding energy of the initial state in the target idgy is the

with magnitudev, relative to the ions around the average
longitudinal center-of-mass velocity. . Since the electron
mass is much smaller than the ion mass,
=(2E,e;/Me) Y2 in the nonrelativistic limit, and the velocity
distribution is set by the distribution of the electrons. In
merged-beam experiments this can be described by a “flat-
tened” Maxwellian distributior{17] with different tempera-

energy and’ the natural lifetime width of the doubly excited tures in the longitudinal’j and transversarl , directions,
state, andS is the strength of the resonance. That the reso-

nance is isolated implies that there are no interference effects -
with overlapping resonances of the same symmetry or with
transitions occurring directly from the initial state to the final
states, i.e., radiative recombination channels. The resonance

may be considered to be far from threshold [ik<(Eq4

2
AL Mev |
fv.re) =507 ex‘{ 2T, | <

_ me(U”_UreI)2
Xex‘{ kT, |’

Me 1/2
27T|(TH

®)

—E;on)- In this work, all the resonances can be considered to

be isolated and far from threshold.
The integrated cross section, or strendlis given by
nim? gg ALLGSARY

2mg(Eg—Ejon) a A2+ ESArad ’

d—s

S= j o(ge)dee=
2

wherem, is the electron masg; is the multiplicity of the

initial target state, andy the multiplicity of the doubly ex-
cited intermediate staté\® , is the transition rate into the
doubly excited statel, and A[2% is the radiative transition

rate from statel (independent of the magnetic substatg),

obtained after summation over magnetic substates of state
The sum over statesincludes all states below the ionization

wherek is the Boltzmann constant, and andv, are the

longitudinal and transversal componenta;oﬂ' he term flat-
tened refers to the fact thay<T, .

In merged-beam experiments the electron density in the
interaction region is low enough that recombination pro-
cesses involving more than one free electron, such as three-
body recombination, can be neglected. This means that the
only other recombination process, besides DR, that give a
significant contribution is radiative recombinatiéRR). In
RR the free electron is captured in a nonresonant one-step
(reverse photoionizatigrprocess, where the excess energy is
carried away by an emitted photon:

AT e S A DT 4 g,
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The cross section for RR into a Rydberg leweadan be fairly  electrons, and the temperatukd) in this direction is re-
accurately determined using the semiclassical formula deduced to about 0.1 meV. The transversal temperature, on the

rived by Kramerg18], other hand, is lowered only because of the adiabatic expan-
- sion. The CRYRING cooler, which uses a superconducting

327 ., q'R% 5 magnet, provides an exceptionally large expansion factor of

Tn(ee) = 3\/§a % neo(PR,,+n2e,)’ ©) 100 and thereby a low transversal temperature of the electron

beam. The optimal value &T, is the original temperature

wherea is the fine-structure constaraty the Bohr radiusq  divided by the expansion factor, i.e., 1 meV. However, the
the initial ion charge state, ari®,. the Rydberg energy. The results from a DR measurement of*Findicates a some-
semiclassical formula works fairly well even for ions with what higher value okT, =3.0 meV[20].
electrons already bound, provided the occupied shells are not In the DR measurements the electron cooler fills two pur-
counted in the sum over the final states. Furthermore, in thgoses. First, the cooler is used to cool the ions after they
experiments the recombined ions are charge separated frofave been accelerated. The electron beam is then set to have
the primary ion beam by a strong dipole magnet, and thghe same average velocity as the ions, and the cold electrons
motional electric field experienced by the ions is enough tGhereby, through repeated collisions with the ions, signifi-
field ionize loosely bound electrons. The sum over the finakgpily reduce the longitudinal and transversal velocity spread
states, therefore, becomes limited to a maximum valyg  and the diameter of the ion beam. The second purpose of the
[19], cooler is to provide an electron-beam target for the ions that
6.2x 1093 14 enables recombination processes. To fill this purpose the en-
—) , (7) ergy of the electrons is varied in a systematic way after that

the injection and cooling phases are completed. In our mea-
whereF is the motional electric fieldin V/m). surements the energy of the electrons is varied slowly in a

It should be noted that the final states reached in RR cafl92a0 pattern. After each zigzag scan, which was set to take

also be reached via DR and, therefore, quantum-mechanicAl S€¢: the ion beam was dumped and a new injection was
interference between the RR and DR pathways is, in prinmade- For each recor_ded spectrum the same measuring cycle
ciple, possible. However, observable interference effects be¥as repeated many times.
tween RR and DR are Very un”ke|y7 especia”y Since the The ions that recombined with an electron in the cooler
photon energy is not detected in the merged-beam experfre charge separated from the primary ion beam by the first
ments, and hence many final states contribute to the croghpole magnet after the cooler and are detected as events by
sectiono(e,). In fact, interference effects have not been ob-a 100% efficiency surface barrier detector positioned just
served in any merged-beam experiment so far. Therefore, fdrehind the dipole magnet. For each detected event three val-
almost all systems, one can treat RR and DR as two separatggs are recorded in a list-mode file. These values correspond
independent processes and the rate coefficients can be caldo-the pulse height from the surface barrier detector, the cath-
lated separately. ode voltage on the electron gun, and the time at which the
event occurred in the measuring cycle. The latter value is a
IIl. EXPERIMENT digital value generated by a function generator, which is syn-
chronized to the measuring cycle.
The experiments were made at the Manne Siegbahn labo- The electron current was kept at 87 mA during the mea-
ratory in Stockholm using the ion storage ring CRYRING. syrements. The ion-beam current was measured using a cur-
The N** ions were produced in an electron-beam ion sourcgent transformer. Typically the ion current was aboug.A,

and extracted at 40 keV/amu. The ion beam was transportegfter acceleration and the half-lifetime was measured to be
from the source to the ring via a radio-frequency quadrupolej g sec.

which was used to preaccelerate the ions to 300 keV/amu.
The final acceleration to 8 MeV/amu of the ions took place
in the ring. - . . . . . IV. DATA ANALYSIS

The ring is equipped, on one of its straight sections, with
an electron cooler. The electron cooler provides a magneti- To obtain a spectrum, showing the rate coefficieptas a
cally confined electron beam which overlaps with the ionfunction of relative energ¥,., from the list-mode data re-
beam over an effective length of about 0.8 m. The electromuires several steps of data analysis. In this section the data
beam is adiabatically expanded from a beam diameter of &nalysis procedure will be briefly outlined. A more detailed
mm at the cathode to 4 cm in the interaction region by aaccount of the procedure can be found in R&f.
reduction of the magnetic field with a factor of 100 from 3T A list-mode data file contains events from many measur-
at the cathode to 0.03 T in the interaction region. The adiaing cycles. Injection, cooling, and the subsequent measure-
batic expansion is used in order to reduce the transversahent scan appear at identical times in each of the cycles and,
temperaturekT, of the electron beam. At the cathode the hence, at a certain “cycle time” the relative enerBy,, is
temperature can be assumed to be Maxwellian viiih always the same. Therefore, the data analysis aims at gener-
=0.1 eV. In the longitudinal direction the electron beam isating the final spectrum by obtaining for each time channel
kinematically compressed, due to the acceleration of théwhich correspond to a specific cycle timeg andE,, .

Nmax™

F
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The real electron enerdy, is related to the cathode volt-

120 a ] ageUarn by
€ a0 Ee=e(Ucait Usp), ®)
o
'$)
40 wheree is the elementary charge abd,, is the space-charge

potential, which is modeled by the formula

4800 [ oF ;M.C2 r\?
e c'''e
L] = — 1-— —_ -
sp ( 9] Ve

a

()

b
1+2In
a

4600 |

4400 |
wherel, is the electron current, is the classical electron

radius,c is the speed of lighty is the electron velocity; is

the distance from the center of the electron beam axisaand
andb are the radii of the electron beam and the cooler tube,
respectively. The parametéraccounts for the fact that re-
sidual ions trapped in the electron beam reduce the magni-
tude of the space-charge potential. The number of trapped
ions changes with the vacuum pressure, electron energy, and
electron density. However, in the present work, where the
variations in electron energy and density are fairly sniai
assumed to be a constant. In additios,0 is assumed, since

d the ion beam after cooling is narrow and centered in the
8 middle of the electron beam.

6 ] When the average velocities of the electrons and ions are
af k different, the electron beam will exert a drag force on the
2

0

4200 |
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8.022 |
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8.018

8.016
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lon Energy (MeV/amu) Cathode Voltage (V)

ions. The force will be largest when the velocity detuning is
small. The drag force is large enough to cause the ion energy
E; to vary during the slow zigzag scan used, and it becomes
necessary to estimate how the ion energy varies with time.
This is done by using a differential equation based on New-
FIG. 1. (a) A time spectrum obtained by the zigzag energy scanton’s second law with a free parametgr This parameter is
of the electrons shown ifb). (c) The corresponding variation of the Chosen so that the ion and electron velocities match at the
ion energy as a function of timéd) The relative energy as a func- time where the RR peak occurs. In Figc)lthe variation of
tion of time. Note that the raw-data spectrum contains four partghe ion energy with time is shown. The figure shows that the
that cover the same energy range and that the RR peak, in thens are accelerated when the electrons are faster, they reach
middle of the raw-data spectrum, precisely defines the time atheir maximum energy when the velocities match, and they

CM Energy (eV)

0 1 2 3 4
Time (s)

which the electron velocity equals the ion velocity. are decelerated when the electrons become slower than the
ions.
A. Relative energies The center-of-mass energi&€s,, are obtained from the

There were three sets of list-mode data recorded durinbaboratory energieg. andE; by the relativistic formula

the beam time. One set of data covered relative energies up
to about 11 eV, and two covered a narrower range up to  Ee=[(Ej+ Ee+mic?+mgc?)%—(VEf +2m;c’E;
about 1.6 eV. The former data set, hereafter referred to as the 5 — 21 ) )
wide data set, covers all thep®l resonances, whereas the + VEG+ 2meC Ee) “] " —m;c®—mec”, (10
latter, narrow data sets only cover thp3 resonances.

A “time spectrum” is generated from the list-mode data wherem; is the ion mass. In Fig.(#l) the relative energi, ¢
by finding the total number of recombined ions as a functionis plotted as a function of time. Note that the zigzag scan
of (cycle) time. In Fig. Xa) the time spectrum from the wide leads to four spectral parts that cover the same energy range.
data set is shown. Below, in Fig(l), it is shown how the The four spectra generated should be identical in the center-
cathode voltage varies with time. The cathode voltage funcef-mass frame, and hence the resonance positions should ide-
tion is also derived from the list-mode data. During the firstally be the same in all four spectra. This matching criterion is
half of the zigzag scan the electrons are faster than the ionssed to further optimize free parameters in the previous steps
whereas in the second half they are slower than the ions. Thef the data analysis. In the present study the previous steps
point at which the average electron and ion velocities are thevere not sufficient to make the four spectra overlap perfectly.
same can easily be determined by the fact that RR is modthe main reason for this is probably small uncertainties in
likely when the velocities are the same. In the time spectrunthe cathode voltage function. However, by linearly stretching
[Fig. (8], a distinct RR peak is observed at about 2.05 secor compressing the energy values for three of the parts to
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maximize the overlap with the fourth part, an almost perfect [~ " T T
overlap over the entire energy range was achieved. [ ]
1.0 .
B. Rate coefficients R g 9 ]
The rate coefficient in each time channel is calculated § os [
from Eq. (3). In this equation, the rat® is the number of eo [
counts divided by the total acquisition time for the time >
channel, where the acquisition time equals the time length ol g
one channel times the number of measuring cycles. The elecg2
tron density is obtained from the electron current, assuming ¢ § %4 [
homogeneous electron distribution in the beam. The larges )
uncertainty in the determination of the rate coefficients stems 02
from the uncertainty in the ion current value. To minimize
this error the ion current was carefully measured simulta- ¢
neously with one of the narrow data sets. The exponentially
decaying beam intensity during the 4-sec scan was taken int S
account. It can be estimated to be in total 20%. The decay 4
can be seen from the RR intensities at beginning, center, anu
Qnd of a time spectrum n ,F'g:(a)' T.he Systemgtlc error FIG. 2. The DR spectrum in the energy region covering the
introduced by the uncertainties |n-the ion cu_rrent is gst|mategpn| resonances from=6 to the series limitsr{=2). The dashed
to be less than 10%. The uncertainty in the interaction lengthlnes are obtained from the AS calculation using flight times of 10,
Li might also give a significant systematic error, which is of2g, 30, 40, and 50 ns. The solid line is the experimental spectrum.
the same order. In other words, the experimentally deterthe experimental energy scale has been linearly adjusted so that the
mined rate coefficients might have a systematic error of up t@esonance positions fit the theoretical ones near the series limits.
20%. See the text for more details.

06l

Energy (eV)

C. Improvement of energy scale Thus the calculated and observed highesonances should

When ag and E,; have been determined for each time be in close agreement. It is only as we drop to low-lying
channel a final spectrum can be generated for the data seesonances which interact strongly with the core that we
The number of channels is reduced by averaging over dataight expect to, and indeed do, observe deviations. The en-
points which have approximately the sarg, values. In  ergy scales in the DR spectra from the narrow data sets are
addition, a constant background is subtracted. This backhen calibratedalso using a linear correctipragainst the
ground stems from detected ions which have captured aealibrated spectrum from the wide data set.
electron in collisions with rest gas atoms or molecules in the After calibration we estimate the uncertainty of the ex-
electron cooler section. perimental energies to be less than 1% and not more than 5

The error in the energy scale is typically less than a fewmeV in the region where thepghl resonances occur.
percent. The fact that linear corrections were sufficient to
achieve a very good overlap between the four spectral parts V. COMPUTATIONAL MODELS
(this was true for all three data sgisdicates that the error in

the energy scale can be substantially reduced by a linear We have used and compared four different computational
correction. approaches to calculate the low relative energy recombina-

One possibility would be to use the §21;) series limits tion spectra. The _different approaches are disc_uss_ed _below.
for energy calibration. In the DR spectrum the positions of "€ resonances situated up-td..6 eV above the ionization
the series limits are accurately known from optical da.  threshold of N™, seen in Fig. 3 and again in Figs. 4 and 5,
They correspond to thes22p,,, and %-2ps, splittings in ~ &re due to doubly excited states abové'N1s?2s), but
N4+ which are 9.97617 and 10.00824 eV, respectivelybound below N* (1s?2p;) and dominated by @51/, con-
However, accurate calibration using the series limits is diffi-figurations. The resonances are expected at relative electron
cult since the limits are not sharp features in the spectraenergiess,=E(1s°2p)+AE—E(1s°2s,,). AE can be re-
Therefore, the experimental energy scale is calibrated usingarded as the binding energy of the “outer” electron. The
the positions of DR resonances close to the series limits. Thine-structure splitting of the (2 state is~0.03 eV, consid-
spectrum from theauTOSTRUCTURE(AS) [22] calculation is  erably larger than the experimental resolution. Since N is a
used. Figure 2 shows how the DR spectrum, from the wideather light element, where the electron-electron interaction
data set, compares with the theoretical AS spectrum, in thetill dominates over the spin-orbit interaction, the resonances
energy region where DR resonances into high Rydberg statesill not be of either 2/, or 2p5, character, but a mixture of
(n=6) contribute, after the experimental energy scale washe two. Accurate values for the 2—2s) splittings are
linearly stretched. Here it is important to remark that theimportant ingredients to obtain accurate positions for the
observed energy splittings were used in the AS calculationggesonances. The results obtained when the binding energies
and so the Rydberg series converge to the observed limitef the N‘”(lsZZIj) states are calculated with relativistic
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201 1 20¢ HydrogeRni-cngﬁggdmation n ]
AUTOSTRUCTURE A for radiative transitions of the \
LS-coupling 15[  outerelectronto n=4and n=3 ]

20F  AUTOSTRUCTURE .
Breit-Pauli

Rate Coefficient (10 '%cm®%/s)
Rate Coefficient (107'%cm®/s)

0.0 &

. . ) 1 ) 1 . . 0.0 L L . . . . 1 . v
00 02 04 06 08 10 12 14 16 00 02 04 06 08 10 12 14 186

Energy (eV) Energy (eV)

FIG. 3. The full line histogram shows the experimental spec- FIG. 4. Same as in Fig. 3 but for calculations using Ramatrix
trum in the low-energy region, where th@2 DR resonances con- method, discussed in Sec. V B.
tribute. The dashed curves show theoretical spectra obtained using
the AUTOSTRUCTURE method, discussed in Sec. V A. In the upper
graph the calculations were performed within th® coupling and
in the lower the Breit-Pauli approximation was used. The results in Fig. 4 are from a Breit-Pau®matrix

close-coupling calculatiofi25], and show the effect of de-

many-body perturbation theory in the all-order formulation scribing the Con’ginuum—_Rydber_g electron nonpertur_batively
within the single- and double-excitation scheme described i@s Well as allowing for interacting resonances and interfer-
Refs.[23,24] are shown in Table I. ence between DR and RR, although these latter effects can
be expected to be very smaR6]. 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 panel
The two graphs on Fig. 3 show the comparison between

experiment and AS calculatiof22]. In the upper graph, the
calculation is performed withii.S coupling. In the lower
graph, the Breit-Pauli approximation is used, allowing for & ) A
spin-orbit induced mixing of differentS symmetries. As a % 29[ Complex Rotation ]
result several new peaks appear. This result underlines th°
importance of allowing for recombination also through rela- "
tivistically forbidden channels even in very light elements.
The reason is the huge difference between autoionizatior
rates and radiative ratgsee Table . Indeed, the former
dominates over the latter even for the states which are mos
stable against autoionization. Since the recombination
strength is proportional to the weakest of these decay chan
nels, as shown by EqZ2) the autoionization can vary by
several orders of magnitude without any noticeable effect on
the recombination strengths. In both calculations shown in 00t . . . . . . . A
Fig. 3, the observed£-2s splittings are used as input. In 00 02 04 06 08 10 12 14 16
the case of AS performed within thieS coupling (upper
panel in Fig. 3, the two 2;-levels arel S averaged. Equa-
tion (2) was used to obtain the strength contributed from FIG. 5. Same as in Fig. 3, but for calculations using the complex
each resonance. rotation method, discussed in Sec. V C.

B. R matrix

A. AUTOSTRUCTURE

1.0

05

Rate Coefficient (10°

Energy (eV)
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TABLE I. The contributions to the 2;,,-2S,/, and 205,-25,, splittings in N**.

2p 28y (€V) 2 2p3r25y (6V) @

Dirac-Fock 10.0806 10.1176

A Dirac-Fock-Breit 0.0037 —0.0022
Coulomb correlation —0.1028 —0.1021
Breit correlation 0.0004 0.0005
Mass polarization —0.0015 —0.0015
Radiative corrections, H lik8 —0.0056 —0.0054
Screening of radiative correctiofis 0.0020 0.0019
Total 9.9766 10.0088
Experimenf 9.97617 10.00824

3 a.u=27.211396M/(M+m,) eV.

bJohnson and Soff35].

“The 2s,,, and 2o, results are from McKenzie and Drak&6]. The 204, result is estimated from Blundell
[37] by Z° scaling.

dReferencd 21].

all radiative transitions are calculated in thHe matrix  ing energy. The real part of the energy corresponds to the
method. In either case, the shape and magnitude of the peajgesition of the state. As in thB-matrix approach the effect
are now in much better agreement with experiment than if the continuum is accounted for nonperturbatively here.
the case of the AS calculations of Fig. 3. The fRlmatrix The 18 3315| , configurations which dominate the first
calculation shows a clearly better agreement with the experizqonances above the ionization threshold ¥ kire close in

mental results. There is still, however, a shift in energy- energy, and mix strongly. A general formulation of many-
0oody perturbation theory which can handle degenerate or

correlation in the doubly excited states. Also here the ob-
- ; uasidegenerate, so calledpdel spacesvas developed b
served J;-2s splittings are used as input. q g © pace b y

Lindgren[33], and was also discussed in connection to dou-
) _ bly excited state$34]. The idea behind the concept of an
C. Many-body perturbation theory calculation extended model spade that certain strongly coupling con-
The result obtained with relativistic many-body perturba-figurations, forming thenodel spaceare included through a
tion theory in an all-order formulation combined with com- direct diagonalization of the Hamiltonian, while other con-
plex rotation is shown in Fig. 5. Its agreement with the ex-figurations are included by perturbation theory. The pertur-
perimental results is remarkable. Equati@ was used to bation expansion can be carried on to all orders, and can
obtain the strength contributed from each resonance. Thiirther be assumed to converge quickly if the model space is
method was used earlier on several other lithiumlike systemwell chosen. This method is capable of treating the correla-
such as argon, neon, and carjdn,27,4. tion between the two outer electrons more or less exactly,
The a) -2s splittings were calculated, and are presentecﬁﬂd has been used here. The agreement with experiment is
in Table I. The calculation of resonance positions require th&/€ry good. Some resonances were also measured with optical
interaction between each of the outer electrons and e 1 methodg21], and in most cases these values also agree very
core as well as the interaction between the valence electronge€ll with the calculation. This is, e.g., the case for the three
The autoionizing character of the doubly excited states’P° states, giving rise to the first resonance around 0.2 eV
appear when the valence-valence interaction is turned on. for which theR-matrix method shows a slight offset.
pushes the states up above the threshold and is also respon-The calculation is completely relativistic and thus within
sible for the decay to thes21; continua. To be able to de- thejj-coupling scheme. To obtain a better understanding of
scribe autoionizing states, a descrlptlon of the continuum ofhe character of the resonances we have projected them onto
the outgoing electrons is needed. These functions are néLS coupled basis, and the results are displayed in Table II.
square integrable, antcbmplex rotatioris used to represent As can be seen, most resonances are well describddSby
the states in a limited cavity. The combination of many-bodycoupling. Still, resonances which would not exist nonrelativ-
perturbation theory and complex rotation was used earlier ifstically show up quite noticeably. For example, thp5®
the nonrelativistic casg28,29, as well as in the relativistic resonance at-0.62 eV is to 96%, of'P§ symmetry. This
case[10,27,4. The method of complex rotation, where the symmetry cannot autoionize. The small spin-orbit induced
radial coordinates in the Hamiltonian are rotated;re'?, admixture of S and D symmetries causes the state to be
has been used for a long time by many groups to account fawveakly autoionizing, but the rate is 1 to 2 orders of magni-
the instability of autoionizing states; see, e.g., RE86—32.  tude slower than that from resonances dominated by these
The method directly gives the autoionization width of thesymmetries (p5p 3S,, or ®D;). The radiative rate is, how-
doubly excited state as the imaginary part of a complex bindever, still much slower. Since the recombination strength is
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TABLE II. Calculated resonance positions, widths and strength for thg 2p51) resonances, from the many-body perturbation theory
calculation discussed in Sec. V C. The second column gives the domingsingrm and the extent to which it describes the state. The
autoionization rate is denoted witk? and the radiative rate witA"29.

Config. Term J Resonance position Width A Arad Strength
Calculated Optical21,38 (1020
t0% (eV) (eV) (eV) (nsec'!) (nsec't) eV cnt)

2p5s sp 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 p 99.5 1 0.3496 0.4564 0.142 215976 3.37 3.58
2p5p p 96.2 1 0.6186 0.6174 0.0002 283 2.47 1.47
2p5p D 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 s 98.8 1 0.8238 0.065 99091 2.47 1.11
2p5p °p 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 °F 93.7 2 0.9740 0.028 42889 1.61 1.02
2p5p D 99.4 2 0.9853 0.002 2818 3.06 1.92
2p5d Sk 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 D 93.6 2 1.0069 0.003 4073 3.38 2.08
2p5d D 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

2p5f = 84.7 3 1.1997 0.0007 1071 2.29 1.65
2p5f °F 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
2p5f 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

2p5¢g G 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
2p5f 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

2p5f G 88.4 4 1.2952 0.076 115558 1.63 1.40
2p5g SH 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 s 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 = 53.2 3 1.3181 0.00004 66 1.46 0.94
2p5¢g H 100 6 1.3187 0.031 47245 1.44 1.75
2p5g 14 55.9 5 1.3190 0.031 47284 1.44 1.48
2p5g SF 99.9 2 1.3330 0.00007 109 1.44 0.66
56.2 3 1.3332 0.00004 59 1.44 0.91

2p5f D 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 = 99.5 3 1.3632 0.117 177221 9.88 6.28
2p5f D 91.0 2 1.3697 0.0006 944 2.07 0.93
2p5d p 99.7 1 1.4409 1.4384 0.032 49273 5.96 1.54
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proportional to the weakest of these decay chanjegle Eq.  one third of the DR strength for thep®l resonances is due
(2)], it is more or less unaffected by the fact that recombinato L S-forbidden transitions. Therefore, it is not that surpris-
tion through this channel is non-relativistically forbidden. ing that theL S-coupling method fails to reproduce the ex-
perimental spectrum.
VI. DISCUSSION The results from AS calculation using the Breit-Pauli ap-

i . proximation (see the lower part of Fig.)3and R-matrix
Figure 2 shows that the calculated rate coefficients for th‘?nethods(Fig. 4) agree considerably better with experiment.
n=6 resonances appear to be about 25% lower than thenese models seem to give a total strength which agrees with

experimental values. The systematic error in the experimergxperimem_ However, as is also the case forltBecoupling

is, as discussed in Sec. IV B, estimated tob20%. The results, the resonance positions do not match with the experi-
uncertainties in the calculated rate coefficients due to systenmental ones. The difference in peak positions is in most
atic errors are of the same order. Thus the observed differzases well outside the experimental uncertainties and indi-
ence can be attributed to the total systematic errors. cate that some correlation contributions are still missing.

Field ionization limits the number of Rydberg states, Furthermore, although the rate coefficients are in fairly good
which might survive the motional electric field in the dipole agreement overall, some of the peaks are underestimated and
magnet and be detected, to a maximunFrom Eq.(7) nax  others appear to be overestimated in Figs. 3 arfdppe.
is estimated to be 16 in this experiment. However, recomApart from the energy shift, th&matrix results in Fig. 4
bined ions withn>n,,,, can contribute to the DR spectrum (lower) only differ noticeably from experiment for the peak
if they decay radiatively to states with<n,,, before the centered at 1.2 eV, which is sensitive to resonance positions
dipole magnet. How much the states with n,,, contribute  (i.e. mixing).
will thus depend on the flight time of the ions from the  The results obtained with many-body perturbation theory
interaction region to the dipole magnet. The distance beeombined with complex rotation, on the other hand, are in
tween the center of the interaction region and the dipolealmost perfect agreement with experiment. The theoretical
magnet is about 1.6 m, and the ion velocity in the experi+ate coefficients are slightly higher than the experimental
ments was 3.8 10" m/s, which gives an average flight time ones, but the difference is well within the experimental un-
of about 40 ns. certainties.

A “delayed cutoff” model accounting for the radiative It should be noted that the natural widths have not been
decay of the Rydberg states was used in the AS calculationtaken into account in the AS spectra shown in Fig. 3. The
The model was described in RET). The calculations in Fig. widths of the peaks in those theoretical spectra are only due
2 are made with flight times of 10, 20, 30, 40, and 50 ns. Foto the instrumental resolution. A few of the lines, which are
the Rydberg resonances witi™>n,,,, a fairly good agree- substantially broadened by their natural widths, therefore ap-
ment between the experiment and the calculation using thpear much sharper than in the experimental spectrum. Note
estimated flight time of 40 ns is found. The delayed cutoffalso that, for theR-matrix method, contributions from both
model thus seems to work quite well in this case. DR and RR are implicitly included in the method. For the

For the studied system, the DR resonances closest tother methods, an RR contribution has been added to the
threshold, at low relative energies, are due fbPR states. calculated DR spectra. The RR contribution was calculated
Those resonances appear in a spectrum between 0.18 and a$outlined in Sec. II, witin,,,= 16.
eV. All the three data sets measured cover this energy region, The high accuracy of the many-body perturbation theory
and they yield rate coefficient spectra which are in excellentalculation is confirmed by the good agreement for the
agreement with each other. Figures 3, 4, and 5 show th8s-2p,, and %-2p,, splittings in N*, with the experimen-
experimental spectrum derived from one of the narrow dataal values to within approximately>610 °. The calculated
sets. The experimental spectrum is compared to the resuliplittings are 9.9766 and 10.0088 eV, and the experimental
from calculations using the four different models describedsplittings are 9.97617 and 10.00824 eV. Note that the inclu-
in Sec. V. In Fig 3 a comparison is made with the results sion of radiative effect§35—37 is important to obtain such
from the two different calculations using threJTOSTRUC-  an agreement, since their contribution is one order of mag-
TURE method, in Fig. 4 we show the results from the nitude larger than the present difference between theory and
R-matrix method; and in Fig. 5 the results from the complex-experiment. The results of the complex-rotation calculation
rotation method. for the, in total, 50 D5l doubly excited states in N are

The AUTOSTRUCTURE calculation performed within the summarized in Table Il. The states are denoted by their
L S-coupling scheme yields a result which is in rather poordominant configuration and drS term. From optical data in
agreement with experimelgee the upper part of Fig).3n  the literature[21,3§ it is possible to derive the resonance
LS coupling, transitions to the gBp'®P, 2p5d'*D,  positions for 16 of these states. According to R&B], the
2p5f 13F, and 2059 135G doubly excited states are forbid- errors in the optical values should be less than 2 meV. We
den, since these states cannot be reached from the initial stagstimate that the errors in the resonance positions from the
conserving both parity and the orbital angular momentum complex-rotation calculation are less than 2 meV as well.
However, thel S-forbidden transitions can give a significant The differences between the calculated and optical values are
contribution, which for example was shown in a previousless than the combined maximum error of 4 meV for all but
measurement onC [4] where, in fact, they gave rise to the one of the 16 resonances. For the52 1P state the optical
strongest DR resonances. Fof Nit turns out that roughly value is 0.4564 eV, whereas the calculated value is 0.3496
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eV. The calculation shows that this state has a large naturélave been compared to theoretical results obtained from four
width of 142 meV. The state, thus, gives rise to a very broadliifferent methods. The complex-rotation method vyields re-
resonance in the recombination spectrum, which, because elilts which are in excellent agreement with the measured
its large width, is observed as a weak feature in our experispectrum. Resonance positions, natural widths, autoioniza-
mental spectrum. The position and width of this feature suption rates, radiative rates, and DR strengths calculated with
port the calculated results for thepBs'P state. We con-  this method are presented for all the 5052 doubly excited
clude that the optical value for this state is wrong. states in N*. The resonance positions are also compared to
Furtherm%re, thel quantum number of the optically ob- hqse optical values which are available. The calculated po-
served p5T°P state at 1.2155 eV is not specified in the gjiinng are found to agree very well with these optical values,
literature. From our calculated results we find that the Stat%xcept for the P5p P state for which the literature value is
must havel =2, since only_ the)=2 §tate is close enough in concluded to be wrong.
energy, at 1.2139 eV, to fit the optical value. We believe that the resonance positions from the

In addition to the resonance positions, Table II also in_com lex-rotation calculation, in fact, are as good as the op-
cludes the natural widths, autoionization rates, radiative{. Ip I in the literat ,A I . 9 ted b thp
rates, and DR strengths for the 5p3 states. It is interest- Ical values In the fiterature. A conclusion supported by the

ing to note that, for states with differeds belonging to the exc.ellent agreement with the resonance positiong in our ex-
same triplet term, the autoionization ratesd consequently Perimental DR spectrum. Our iesults thus provide energy
also the widths vary substantially if the transitions from |€vels for all 50 D5l levels in N'* at the same accuracy as
2p5l to the 1s22s continuum are. S forbidden, whereas the the currently available 16 levels.

rates are almost identical if the transitions are allowed. This

reflects the fact that the autoionization rates for the “forbid-

den states” depend critically on the amount of mixing with ACKNOWLEDGMENTS
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