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Spectroscopic study of lithiumlike carbon by dielectronic recombination of a stored ion beam
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A detailed spectroscopic study of resonant states in the continuum of lithiumlike carbon has been performed
utilizing dielectronic recombination at an ion storage ring. All observed resonances have been identified and
energies have been determined with an accuracy better than 0.1 eV. The measurements have been comple-
mented by accurate calculations using the saddle-point technique. Every resonance of the type 1snln8l 8 has
been determined forn52, n852,3!. @S1050-2947~97!01203-1#

PACS number~s!: 32.30.Rj, 34.80.Lx, 31.15.Pf
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I. INTRODUCTION

As far back as 1939, the spectroscopists Edle´n and Tyrén
@1# reported an observation of ‘‘atomic energy states of
unusual type’’ in carbon. They had observed spectral line
their vacuum spark spectra that did not fit into the ordin
energy-level systems. The strongest features had w
lengths about 1 Å longer than the resonance transitio
(1s2 1S21s2p 1P) in heliumlike carbon at 40.27 Å. The
proposed that the observed lines originated from radia
decay of doubly excited states~e.g., 1s22s21s2s2p). This
was a remarkable observation, which was given the follo
ing explanation by Edle´n and Tyrén @1#: ‘‘one must assume
the existence of discrete energy levels lyingabovethe ion-
ization limits by amounts up tofive timesthe ionization po-
tentials of the same spectrum.’’

In the case of carbon, the observation indicated the ex
ence of narrow discrete states in the continuum at ener
about 240 eV above the ionization limit. The existence
such narrow discrete states~i.e., nonautoionizing states! can
be understood in terms of quantum-mechanical selec
rules as follows. Autoionization is primarily mediated by th
Coulomb interaction. In this process the total angular m
mentumJ and the parityp of the total wave function are
conserved. When the fine-structure interaction is weak on
relative scale and theLS-coupling approximation is good
the angular momentumL and the total spinS will also be
conserved separately. The continuum above the ioniza
limit 1s2 will consequently be restricted to certain symm
tries and not until energies are reached that lie above
energy of 1s2p 3P in the next ionization state will all sym
metry combinations be available. For instance,
1s2p2 2P state of even parity is embedded in the continu
1s2ep 2P of odd parity, which indicates that this is a quas
bound state that decays by radiative decay instead of a
ionization. Similarly, all quartet states below 1s2s 3S will
act as bound states since autoionization by the Coulomb
teraction is forbidden and autoionization by relativistic e
fects is negligible. These states can consequently be
served in radiative transitions.

It was found early that the beam-foil technique was
efficient tool for producing multiply excited states. Term sy
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tems of many low-Z Li-like systems have been constructe
from such measurements. An extensive review article
Mannervik@2# summarizes these results. The doubly exci
quartets in Li-like carbon have been studied by Dumo
et al. @3# and Blankeet al. @4#. Some optical spectroscopi
observations of transitions of the kind Edle´n and Tyrén ob-
served, have been reported more recently@5–7#. It is also
possible to observe autoionizing states in radiative transiti
since such transitions are in general competing decay c
nels. Usually the branching ratio for radiative decay is sm
and consequently the optical line intensity will be weak. O
the other hand, optical measurements will normally give h
accuracy. Levels in doubly excited CIV determined by opti-
cal methods have been determined with an accuracy b
than 100 meV on an absolute scale.

While the quasibound states in the continuum can be
curately determined, the autoionizing states are harder to
termine accurately with experimental methods. A natu
method here is the study of the Auger spectra of the io
Examples of such measurements are the high-energy c
sion studies by Schneideret al. @8# and by Ro/dbroet al. @9#
as well as the experiment at lower collision energy by Ma
@10#. From these high-resolution Auger spectra, energ
were determined with an accuracy of typically 0.5 eV a
0.2 eV, respectively. Another method to measure energie
the autoionizing states is by studies of the dielectronic
combination~DR! process, in which the autoionizing state
are populated by the inverse process of autoionization. A
radiative stabilization the recombination is completed. T
method was used for carbon by Andersenet al. @11# in a
single-pass experiment in which an energy resolution
0.135 eV was obtained. They did not, however, determ
absolute energies in this case. In a more recent DR exp
ment at the ion storage ring TSR in Heidelberg, Kilguset al.
@12# determined energies of resonant states with uncertain
in the range 0.1–0.8 eV. The resolution in these experime
is set by the electron target temperature. The energy res
tion obtained by Kilguset al.was about 2 eV. In more recen
experiments in the storage ring CRYRING in Stockholm, t
energy resolution was improved by almost one order of m
nitude to 0.3 eV~at collision energies of about 40 eV!
1810 © 1997 The American Physical Society
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55 1811SPECTROSCOPIC STUDY OF LITHIUMLIKE CARBON . . .
@13,14#, opening opportunities to improve the carbon me
surements substantially.

Doubly excited three-electron systems are challenging
jects for testing high-accuracy calculations. With three op
shells, there is much correlation, but still only three electro
to treat. Thus these systems are ideal for advanced treatm
For the quasibound states very accurate calculations h
been performed reaching accuracies 1 meV and bette
good example is the 1s2s2p 4P state in neutral lithium for
which a very accurate energy was obtained by Bunge@15#
and later by Chung@16#. More comparisons between acc
rate calculations and experiments are given in the rev
article by Mannervik@2#. For autoionizing states, for whic
no upper bound principle in the variational procedure can
used, the accuracy has been orders of magnitude lo
Since experiments have rarely determined energies to b
than with about 1 eV, there has been no real challenge
theory. Now, however, more accurate experiments give
centive for more accurate calculations for autoionizing sta
In particular, the saddle-point technique introduced
Chung @17# has proven to be a powerful method to obta
accurate results~see, e.g.,@2#!.

In this work we present an accurate experimental inve
gation of the excitation energies of the spectrum of autoi
izing states in Li-like carbon. Complementing these resu
we also present energy values from accurate calculation

II. EXPERIMENT

The C41 ions were produced by an electron-beam i
source and preaccelerated to 300 keV/amu in a radio
quency quadrupole before injection into the ring. The io
were accelerated to their final energy of 11 MeV/amu in
synchrotron-storage ring CRYRING@18#. The ions were
cooled by a velocity-matched electron beam over an inte
tion lengthl58068 cm. During cooling, which takes plac
over less than 1 s, the ion-beam diameter shrinks to roug
1 mm full width at half maximum, decreasing the range
relative electron-ion velocities. In this measurement the
current wasI i52.760.3 mA, which corresponds to a num
ber of Ni.53106 stored ions. The beam half-life, dete
mined by contributions from recombination in the coole
electron capture from the background gas, and electron
in collisions with the background gas, was approximat
130 s. The residual gas pressure in the ring was less
10211 torr.

The electron cooler doubles as a target for electron-
interactions. In order to scan the interaction energies ac
DR resonances withDn51, the cathode voltage is rampe
through values to give electron velocities both above a
below the ion velocity. As described below, scanning of b
sides of the ion velocity produces spectra under significa
different conditions, the analysis of which provides a mea
of improving the accuracy of the reported resonance e
gies. Following recombination, the C31 ions are separate
from the circulating beam in the first dipole magnet beyo
the cooler and detected with a surface barrier detector w
an efficiency of roughly 100%. At the present beam ene
any excited C31 ions with n.nmax516 will undergo field
ionization when passing the dipole magnets and not be
tected. Upon detection of a C31 ion the instantaneous cath
-
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ode voltage is recorded, along with the precise arrival ti
relative to the voltage ramp. The recorded times, genera
by the ring’s master timing computer, provide a highe
quality ~noise-free! spectrum that is directly related to th
instantaneous cathode voltage. The ion velocity is precis
determined from the Schottky frequency and the beam p
lengthL551.68 cm.

Calculation of the electron-ion interaction energies
quires an accurate determination of the electron velocity,
cluding space-charge effects. The total space charge in
interaction region of the cooler includes a contribution fro
trapped positive ions created by ionization of residual gas
The electron velocityve is related to the cathode voltag
Vc and the space charge through the equation

Elab5eVc2S 1ve2
z

vc
D Ir cmec

2

e F112lnS Rt

Rb
D G , ~1!

whereElab is the electron energy in the interaction regio
I is the electron current,vc is the electron velocity during
cooling,z(,1) represents the positive ion contribution,r c is
the classical electron radius,Rb ~52 cm! is the radius of the
electron beam, andRt ~55 cm! is the radius of the beam
tube. During cooling the ions accelerate or decelerate to
actly match the electron velocity. The electron velocity
cooling is therefore given by the ion velocity; the initia
value ofz is determined by solving Eq.~1! once the cooling
velocity is measured.

In order to scan the energy range of interest the cath
voltage was ramped both above and below the cooling v
age. During the voltage scans the population of trapped p
tive ions varies in relation to the space-charge variation
the electron beam. We estimated the variation ofz(t) by
modeling the ion population using a simple equation relat
the rate of ion production through electron impact and
rate of loss through escape from the space charge.
model includes one adjustable parameter that may be in
preted as the local density of neutral molecules in the in
action region of the cooler. When calculating the electr
energyElab(t) in the interaction region at a timet during the
ramp, the instantaneous values ofz(t) andVc(t) are used in
Eq. ~1!.

Once the laboratory frame energy of the electrons
been determined, the center-of-mass interaction energy is
tained from the relativistic expression@19#

Ec.m.5@~Ei1Ee1Mic
21mec

2!22~AEi
212Mic

2Ei

1AEe
212mec

2Ee!
2#1/22Mic

22mec
2 ~2!

for each data point, whereMi andEi are the ion mass and
energy, respectively. To check our estimates of the resona
energies we compared the positions of the peaks obtaine
the high- and low-velocity~relative to the cooling velocity!
spectra. We found in the present case that the two spe
could not be exactly matched for any reasonable value
the trapped ion intensity. The electron velocity is known
directly through a series of transforms, including a conv
sion from an analog-to-digital converter channel to the ca
ode voltage and an estimate of the trapped ion populat
However, there exists the possibility that any of them m
contain small offsets or calibration errors. Small adjustme
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1812 55S. MANNERVIK et al.
of the cathode voltage through the addition of a linear s
Vc→Vc1A01A1Vc were therefore used to bring the tw
spectra into agreement. The parameterA0 may be interpreted
as a power supply calibration offset, whileA1 may result
from the leakage of current from the power supply
ground; such a leakage current would produce a volta
dependent shift. These three parameters were adjuste
match the high and low spectra in accordance with th
criteria: ~i! the lowest energy peak in the high-side spectru
identified as the (2s2p 3P) 2Po resonance, must appear
the calculated energy of 235.5 eV;~ii ! the corresponding
peak in the low-side spectrum must also appear at 235.5
and ~iii ! the difference between the energy positions of
series limit must be minimized. The spectra then yield ac
rate energy values for the higher-energy resonances up t
series limit and the uncertainty in the energy of the se
limit is given by the difference in the two values.

III. THEORY

To study the spectroscopic data utilizing dielectronic
combination, we carry out theoretical calculation for t
resonances of CIV. In the energy region between 220 an
285 eV, we expect the CIV resonance to be the 1s2l2l 82L or
1s2l3l 82L states. Most of the 1s2l2l 8 states have been stud
ied theoretically in the past with saddle-point and sadd
point complex-rotation methods@20,21#. However, recent
improvements in theory, such as the implementation of
restricted variation method, allow us to improve the previo
theoretical data substantially. In the case of the lithium ato
recently obtained results agree with precision experime
@22,23# to a few cm21 @24#. Thus we have recalculated the
resonances using the improved theoretical methods.

We use the saddle-point variation method in t
LS-coupling scheme to calculate the nonrelativistic ener
The nonrelativistic Hamiltonian is given by

H05(
i51

N F2
1

2
¹ i
22

Z

r i
G1 (

i , j51
i, j

N
1

r i j
. ~3!

Multiconfiguration-interaction basis functions are used
the wave function similar to that used by Chung@25#. The
proper 1s vacancy is built into the wave function with th
saddle-point technique. A basic wave functionCb is ob-
tained by optimizing

dEb5d
^CbuH0uCb&

^CbuCb&
50. ~4!

About 600–1000 terms are contained byCb . The nonlin-
ear parameters in the basis functions are also optimized
further saturate the functional space, we use the restri
variation method@26#. A more accurate wave function i
given by

C~1,2,3!5d0Cb1(
i
diF i~1,2,3!. ~5!

The d’s are linear parameters that can be determined b
variation calculation in which theCb from Eq. ~4! is treated
as a single term. In Eq.~5! theF i ’s are basis functions simi
ft
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lar to those ofCb , but with different nonlinear parameter
The advantage of this method is that in computation it avo
the numerical instability caused by the linear depende
between the basis functions inCb andF i . For each reso-
nance, we carry out a number of calculations with mutua
orthogonalF i(1,2,3)’s. The improvement overEb is re-
corded for each calculation. The sum of these improveme
DERV gives the total correction from the restricted variati
method. The sum ofEb andDERV gives the nonrelativistic
saddle-point energy, which represent the best closed-cha
approximation to the resonance.

To locate the true resonance, we carry out a compl
rotation calculation using the basis functions inCb similar to
those used by Chen and Chung@24#. The wave function for
the complex-rotation calculation is given by

C~1,2,3!5Cb~1,2,3!1Af1s1s~1,2!U~3!, ~6!

where

U~r !5(
n

cnr
nexp~2ar !Yl ,m~V!. ~7!

HereA is the antisymmetrization operator, thecn’s are linear
parameters, anda is a nonlinear parameter. The nonline
parameters inCb are fixed from the saddle-point calculatio
The linear parameters inCb are allowed to vary in the
complex-rotation calculation. The functionf1s1s is a 31-
term, 4-angular-component wave function for the CV 1s1s
state with a nonrelativistic energy of232.404 441 a.u. This
1s1s wave function is sufficiently accurate for our purpo
since both the width and shift are not very sensitive to
precision of the two-electron target wave function.

In the complex-rotation calculation, only ther in the U
part of C is complex scaled. The corresponding compl
eigenvalueEres2 iG/2 gives the resonance energy and wid
for the state. This eigenvalue is stabilized with respect toa
and to the rotation angle. The differenceDEshift5Eres2Eb
gives the shift from the interaction between the closed ch
nel and open-channel parts of the wave function.

For CIV resonances, the relativistic corrections are ve
significant. Although the mass polarization effect is ve
small, the isotope shift could be measured in the futu
Hence they are also considered in this work. The pertur
tion operators are

H85H11H21H31H41H5 , ~8!

where

H152
1

M (
i , j51
i, j

3

¹i•¹j ~mass polarization!, ~9!

H252
1

8c2 (
i51

3

pi
4 ~correction to kinetic energy!,

~10!

H35
Zp

2c2 (
i51

3

d~r i ! ~Darwin term!, ~11!
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TABLE I. Energy of the 1s2l2l 8 and 1s2l3l 8 states of CIV ~in ma.u.! Eb is the energy calculated from
Cb , DERV is the improvement from the restricted variation calculation,DEMP is the mass polarization
energy,DEshift is the shift from the interaction with the continuum,DEJ5EL11/22EL21/2 is the fine-structure
splitting, andT is the term energy relative to the 1s22s in eV.

State -Eb -DERV DEshift DEmp -DErel -Etotal DEJ T ~eV!

@1s2s2s#2S 24 060 477 65 209 -4.4 11 413 24 071 750 291.62
@1s(2s2p) 3P#2Po 23 754 207 96 435 60.6 10 537 23 764 345 453.4 299.9
@1s(2s2p) 1P#2Po 23 626 525 134 -12.6 -59.9 10 255 23 636 986 -45.47 303.4
@1s2p2p#2D 23 514 755 124 209 -78.6 9 457 23 524 206 -503.8 306.5
@1s2p2p#2P 23 468 970 60 74.0 9 682 23 478 637 672.1 307.7
@1s2p2p#2S 23 289 429 215 339 -53.8 9 529 23 298 888 312.65
@1s2s3S,3s#2S 22 453 514 85 39 -5.4 10 703 22 464 268 335.36
@1s2s3S,3p#2Po 22 416 004 94 11 4.69 10 487 22 426 569 -142.9 336.3
@1s2s3S,3d#2D 22 329 742 285 39 76.7 10 549 22 340 360 -36.70 338.7
@1s2s1S,3s#2S 22 307 359 124 78 12.2 10 198 22 317 592 339.35
@1s2s1S,3p#2Po 22 246 453 222 124 -20.4 9 864 22 256 434 98.25 341.0
@1s2p3P,3s#2Po 22 197 018 329 189 -52.2 9 560 22 206 770 688.8 342.3
@1s2s1S,3d#2D 22 167 231 225 21 16.8 9 701 22 177 119 421.4 343.1
@1s2p3P,3p#2D 22 153 520 297 95 -69.9 9 383 22 163 165 198.9 343.5
@1s2p1P,3s#2Po 22 130 263 283 19 67 9 748 22 140 207 -145.7 344.1
@1s2p3P,3p#2S 22 116 837 221 184 -46.7 9 402 22 126 323 344.56
@1s2p3P,3d#2Po 22 083 995 270 5 -72.8 9 194 22 093 527 -298.2 345.4
@1s2p1P,3p#2D 22 061 570 345 81 53.9 9 529 22 071 310 -75.38 346.0
@1s2p1P,3p#2S 22 022 953 334 166 48.2 9 610 22 032 676 347.10
@1s2p1P,3d#2Po 21 971 305 300 117 74.3 9 448 21 980 862 139.2 348.5
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p

c2 (
i , j51
i, j

3 F11
8

3
si•sj Gd~r i j !

~electron-electron contact term!,
~12!

H552
1

2c2 (
i , j51
i, j

3
1

r i j
Fpi•pj1 r i j ~r i j •pi !•pj

r i j
2 G

~orbit-orbit interaction!, ~13!

andM is the nuclear mass of12C.
We have also calculated the fine-structure splitting of

resonance using the spin-orbit and spin-other-orbit opera
They are given by

Hs.o.5
Z

2c2 (
i51

3
l i•si
r i
3 ~spin-orbit!, ~14!

Hs.o.o.52
1

2c2 (
iÞ j

3 F 1r i j3 ~r i2r j !3pi G•~si12sj !

~spin-other-orbit!. ~15!

In Table I we present results for the six 1s2l2l 82L and
fourteen 1s2l3l 82L states. HereEb is the energy fromCb
andDERV is the total improvement from the restricted vari
tion calculation. For some systems such as 1s2p2p 2S, the
angular component converges slowly. Although we inclu
l up to 9 inCb , the convergence pattern suggests that
higher angular momentum components still contribu
These contributions from the higher-l components are als
e
rs.

e
e
.

estimated and included inDERV . Most of the energy shifts
DEshift are positive with only one exception, namely, that f
the @1s(2s2p) 1P# 2P0 state. Since the mass polarizatio
operator is accurate to all orders, its effect is calculated
includingH1 in H0 and rediagonalizing the secular equatio
The effects due toH2, H3, H4, andH5 are combined into
DErel . They are calculated with first-order perturbatio
theory. The energyEtotal is the final result of the resonanc
energy by including all the effects considered in this wo
DEJ is the fine-structure splitting of the doublet states. T
quantityT in the table is the center-of-gravity energy abo
the 1s22s at234.789 278 a.u.@27# using 1 a.u.5 27.210 15
eV.

In addition to the Auger width, we have also calculat
the radiation transition rates usingCb with the dipole-length,
dipole-velocity, and dipole-acceleration formulas. The low
states considered are 1s22s, 1s22p, 1s23s, 1s23p, and
1s23d. Their wave functions are calculated using the f
core plus correlation method@27#. Generally speaking, the
agreement between the three calculations is good, but
excellent. The reason is that for autoionizing doubly exci
states,Cb does not include the open-channel part. Therefo
it is only an approximation. As an example, we present
oscillator results for the 1s2l2l 8 2L states in Table II. In this
table we can see that for@1s2p2p# 2P, which is a bound
state in the nonrelativistic limit, the results off l , f v , and
f a agree quite well. For other states, the agreement betw
f v and f a is better. This could be because the length form
emphasizes the large distance where the open-channel
tinuum is more significant. Hence we will use the dipol
velocity results to compute transition rates.
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1814 55S. MANNERVIK et al.
In Table III we present transition rate and lifetime resu
for the doubly excited states calculated in this work. Both
Auger width and the radiation branching ratios are presen
Since@1s2p2p# 2P does not autoionize in the nonrelativist
limit, the radiative branching ratio is 100% and therefore
will not appear in the observed recombination spectra.

IV. RESULTS AND DISCUSSION

The general characteristics of the energy spectrum of d
bly excited Li-like carbon can be understood from some
sic considerations. He-like carbon has four states with
electron excited to then52 level. These are 1s2s 3S,
1s2s 1S, 1s2p 3P and 1s2p 1P, which appear energeticall

TABLE II. Absorption oscillator strength f for the
1s2l2l 82L21s22l 9 transition of CIV. The number in square brack
ets denotes the power of 10 by which the preceding term is to
multiplied.

State f l f v f a

1s22p
@1s2s2s#2S 4.127@-3# 3.514@-3# 3.410@-3#

@1s2p2p#2S 2.637@-2# 2.546@-2# 2.527@-2#

@1s2p2p#2P 2.810@-1# 2.812@-1# 2.811@-1#

@1s2p2p#2D 1.533@-1# 1.505@-1# 1.510@-1#

1s22s
@1s(2s2p) 3P,2p#2Po 5.293@-1# 5.150@-1# 5.120@-1#

@1s(2s2p) 1P,2p#2Po 5.144@-2# 5.467@-2# 5.634@-2#
e
d.

t

u-
-
n

in this order. Series of doubly excited states 1s2snl 2L and
1s2pnl 2L in Li-like carbon will converge towards these He
like levels, which will act as series limits. Which state acts
the series limit depends on the core symmetry of the dou
excited state.

The binding energy of a 2s electron to the 1s2 core of
He-like carbon is 64.5 eV, while the binding energy of
2s electron to the 1s core in H-like carbon is about 90 eV
Thus we can expect that the binding energy of a 2s electron
to the excitedHe-like state 1s2s 3S is somewhere in be-
tween. Since the excitation energy of 1s2s 3S is 299 eV one
could expect the lowest doubly-excited state 1s2s2 2S to lie
about 220 eV above threshold. Our accurate calculati
show that it is situated 227.131 eV above threshold. T
doubly excited states related to then52 level in He-like
carbon will thus appear in an energy window between 2
eV and 308 eV, the latter being the excitation energy of
1s2p 1P. There will naturally also be doubly excited leve
related to higher-n levels, but they will be harder to observ
experimentally. In the present work some spectral featu
were observed related to then53 level, but these have no
yet been identified.

Experimental observations of doubly excited states are
stricted to certain state symmetries, that depend on the
of experimental technique used. Optical emission studies
restricted to states that are forbidden to autoionize or
which autoionization is weak relative to radiative decay.
photoabsorption studies from the ground state, only state
the opposite parity and states differing with no more th
one unit of total angular momentum can be observed.

e

are
TABLE III. Autoionization and transition rates for the 1s2l2l 8 and 1s2l3l 8 states of CIV. G is the Auger
width in meV, hR is the percentage branching ratio for radiation, andt is the lifetime of the state. The
transition ratesW are in sec21 and are calculated with the dipole-velocity formula. The number in squ
brackets denotes the power of 10 by which the preceding term is to be multiplied.

State W1s22p W1s23p WR G ~meV! hR(%) t ~10214 sec!

@1s2s2s#2S 3.678@10# 5.904@8# 3.73@10# 68.02 0.036 0.967
@1s2p2p#2S 3.074@11# 1.195@9# 3.09@11# 7.857 2.52 8.17
@1s2p2p#2P 1.096@12# 5.234@9# 1.10@12# 100 90.9
@1s2p2p#2D 3.489@11# 2.791@9# 3.51@11# 51.23 0.45 1.28
@1s2s3S,3s#2S 5.312@9# 2.399@8# 5.55@9# 17.62 0.021 3.73
@1s2s3S,3d#2D 1.507@10# 2.678@8# 1.53@10# 2.358 0.43 27.8
@1s2s1S,3s#2S 1.289@10# 6.630@10# 7.92@10# 9.666 0.54 6.77
@1s2s1S,3d#2D 7.403@10# 1.171@11# 1.91@11# 0.663 15.9 83.5
@1s2p3P,3p#2D 8.865@10# 2.292@9# 9.09@10# 8.968 0.66 7.29
@1s2p3P,3p#2S 1.798@11# 6.098@10# 2.41@11# 3.065 4.92 20.4
@1s2p1P,3p#2D 6.995@10# 6.689@11# 7.39@11# 9.562 4.84 6.55
@1s2p1P,3p#2S 4.098@10# 6.336@11# 6.75@11# 5.515 7.46 11.0

State W1s22s W1s23s W1s23d WR G ~meV! hR ~%! t (10214 sec!

@1s(2s2p)3P#2Po 6.700@11# 1.813@9# 9.243@7# 6.72@11# 3.88 10.2 15.2
@1s(2s2p)1P#2Po 7.278@10# 3.865@8# 9.842@8# 7.41@10# 39.91 0.12 1.65
@1s2s3S,3p#2Po 1.244@11# 5.116@9# 8.853@7# 1.30@11# 0.550 13.5 104
@1s2s1S,3p#2Po 5.581@10# 3.985@10# 2.336@10# 1.19@11# 0.0950 45.2 380
@1s2p3P,3s#2Po 1.487@9# 6.193@10# 1.513@9# 6.49@10# 13.89 0.37 4.72
@1s2p1P,3s#2Po 2.037@10# 6.526@11# 3.849@10# 7.12@11# 1.460 3.11 43.7
@1s2p3P,3d#2Po 1.166@8# 6.586@10# 5.511@9# 7.15@10# 0.176 21.1 295
@1s2p1P,3d#2Po 5.790@9# 1.018@10# 7.751@11# 7.91@11# 0.201 72.1 91.2
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FIG. 1. Partial energy-leve
diagram for the doubly excited
states in CIV ~with n52, n852
and n52, n853), which are
populated by dielectronic recom
bination. The spectrum obtained i
the present experiment is shown a
a projection of the continuum on
the energy axis with zero set at th
ionization threshold of CIV. The
first excited states of CV, which
act as series limits for the con
tinuum states, are indicated.
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dielectronic recombination, which was used in the pres
experiment, there are different restrictions. The dielectro
recombination process is the inverse of autoionization
consequently only autoionizing states can be observed h
But to complete the recombination, the doubly excited st
has to relax by radiative decay. Thus, in DR the critical sta
dependent quantity which governs the intensity of the
peaks is given by a product of the autoionization rate and
radiative rate divided by the sum of the different decay ra
For Aa@Ar , the DR intensities will be proportional to th
radiative transition rate. Consequently, in the present inv
tigation utilizing the dielectronic recombination proces
only autoionizing states with open radiative decay chann
will be observed. Furthermore, only Rydberg states w
principle quantum number smaller than 16 will survive pa
sage of the bending magnet behind the electron target~cf.
Sec. II! and this will give a cutoff in the observed Rydbe
series progression.

In Fig. 1 the experimental DR spectrum is shown as
projection of the continuum states that are active in the
electronic recombination process. The cutoff of the Rydb
series is clearly seen at the high-energy end of the spec
at the 1s2p 1P limit, with the typical asymmetric spectra
feature. At first one might expect similar cutoff features f
the other series limits 1s2s 3S, 1s2s 1S, and 1s2s 3P. There
are peaks close to the expected energy positions, but the
symmetric. In a total interpretation of the spectrum, the
two peaks find their explanation as members of the Rydb
series approaching 1s2p 1P. If the other series limits are
present, they are hidden in the Rydberg peaks. The weak
of the other series approaching the other series lim
(1s2s 3S, 1s2s 1S, and 1s2s 3P) and the fact that the limits
cannot be observed can be understood from the selec
rules for the radiative transitions. The core of the dou
excited state has a configuration that is the same as the s
limits configuration in itsLS term. The radiative relaxation
channel for the doubly excited state is primarily determin
by a radiative transition of the core. Thus only th
1s2p 1P term has an allowed transition channel to 1s2 1S.
This is the reason why the resonances with a 1s2p 1P core
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are so strong and that this term gives the only observa
series limit. The fact that there are still resonances with ot
cores contributing to the lower-energy part of the spectrum
due to the strong correlation in the doubly excited sta
observed, which means thatLS coupling is not a very good
approximation and theLS selection rules for radiative tran
sitions may be violated.

There is, however, another indication of the other ser
limits in the recorded spectrum. We observe the series
proaching 1s2p 1P with peaks with principal quantum num
bers identified up ton57. Then we note a sudden intensi
drop followed by gradual unresolved intensity increase to
series limit ~cf. Fig. 2!. The sudden intensity drop is ex
plained by the fact that the other series limits have be
exceeded, which implies that new continua are opened
which the doubly excited state can autoionize with a h
probability, thus reducing the number of recombined io
This is, in particular, important for the 1s2s 1S and the
1s2s 3P limits, which lie at the energy of then57 reso-

FIG. 2. Highest part of the recorded DR spectrum. Unresolv
peaks for dielectronic recombination resonances related to hi
principal quantum numbers (n52, n8.3). Observe the sudden
drop of intensity atn58 due to the appearance of an excited st
in helium-like carbon as discussed in the text. The cutoff
n516 in the recorded spectrum is due to field ionization in t
motional electric field in the bending magnet behind the elect
cooler.
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TABLE IV. Excitation energies relative to the ionization limit (1s2 1S) in eV for doubly excited states in
C IV.

Theory Experiment
State This work This work Ref.@6# Ref. @7# Ref. @10#

1s2s2 2S 227.130 227.10~9! 227.1
1s(2s2p 3P) 2Po 235.495 235.49~1! 235.42 235.42 235.5
1s(2s2p 1P) 2Po 238.960 238.99~2! 239.95 239.28 238.9
1s2p2 2D 242.029 242.05~1! 241.93 242.05 242.0
1s2p2 2P 243.269 243.22
1s2p2 2S 248.160 248.18~2! 248.2
(1s2s 3S)3p 2Po 271.896 271.87~2! 271.8
(1s2s 3S)3d 2D 274.242 274.39~4! 274.2
(1s2s 1S)3p 2Po 276.526 276.57~2! 276.4
(1s2p 3P)3s 2Po 277.877 277.81~3! 277.7
(1s2s 1S)3d 2D 278.684 278.60~4! 278.9
(1s2p 3P)3p 2D 279.063 279.10~7!

(1s2p 1P)3s 2Po 279.688 279.68~5!

(1s2p 3P)3p 2S 280.066 280.14~7!

(1s2p 3P)3d 2Po 280.958 281.05~4! 280.9
(1s2p 1P)3p 2D 281.563 281.59~1! 281.4
(1s2p 1P)3p 2S 282.614 282.69~1! 282.6
(1s2p 1P)3d 2Po 284.024 284.10~1!
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act
nance. This conclusion is also confirmed by the experim
of Andersenet al. @11#, in which a strong Rydberg series
observed approaching 3.5 eV and a weaker series appro
ing 8.9 eV~cf. their Fig. 9!. These energies correspond to t
energy differences between the series limits. Thus, in
experiment the high-energy electron recombines by exci
the core, but the electron is readily released with very l
kinetic energy leaving the core excited. The opening of n
continuum channels was treated theoretically in the work
Kilgus et al. @12#.

As mentioned in the Introduction, the present work w
aimed at obtaining accurate values for excitation energies
doubly excited states in CIV. In Table IV we have collected
the theoretical results together with the DR results of t
work. Furthermore, we have included accurate spectrosc
values from optical measurements@6,7# and electron spec
troscopy@10#. The energies obtained from the DR work b
Kilgus et al. @12# are not included in the table. Mann@10#
claims an uncertainty of 0.1 eV for the energy scale a
gives an error of 0.2 eV for the peak position. Nicolosi a
Tondello @7# give an uncertainty of 0.01 Å, which corre
sponds to an energy error of 0.07 eV. Peacocket al. @6# do
not give error bars, but it might be fair to assume that th
have the same error bars as Nicolosi and Tondello. Our
perimental uncertainty is not easily estimated. The prob
is to establish the energies on an absolute scale since th
determined in the laboratory to center-of-mass transfor
tion. The criteria to be fulfilled in this transformation a
discussed in Sec. II. The peak-fitting procedure gives sta
tical errors, which in our case vary between 0.01 and 0
eV. As always in fitting procedures the error estimates
valid provided that the steer data and and boundary co
tions are given correctly. Our statistical errors should
valid for relative peak positions within the spectrum. Sin
this accuracy is much higher than for earlier experimen
nt
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investigations, it is hard to obtain check points. Howev
since the high-precision theoretical results are so consis
with our experimental data and also with previous expe
mental results, we are motivated to use these theoretica
sults to estimate the accuracy of the determination of
energy scale on an absolute scale. From such a compa
we conclude that this uncertainty is about 0.05 eV. In
table we have chosen not to include this error, which can
be estimated strictly on experimental grounds.

It should be noted that in the theoretical treatment,
binding energy is calculated, while it is the kinetic energy
the impinging electron~or ejected electron for Auger spec
troscopy! that is measured in the experiment. Consequen
it is necessary to relate these numbers in an accurate wa
the comparison. In the present work, the calculated value
the binding energy of the ground state (1s22s 2S) is
234.789 278 a.u.~1 a.u.527.210 15 eV!. The binding en-
ergy of, for instance, 1s2s2 2S is found to be224.071750
a.u., implying that the excitation energy is 291.625 eV abo
the ground state. The kinetic energy recorded in the pre
experiment is then this excitation energy with the ionizati
potential subtracted. The most accurate value for this qu
tity has been obtained by Bockasten@28# using classical
spectroscopy. He obtained an ionization energy of 64.
eV, which means that the Auger energy of the 1s2s2 2S state
is 227.131 eV. If we refer to the accurate calculated bind
energy for 1s2 1S obtained by Pekeris@29# instead of the
experimental ionization energy, we obtain a minor differen
of 0.7 meV, which is of no significance for the comparis
between theory and experiment in the present work.
have, however, chosen to base the theoretical values onl
the calculated values and use the value of Pekeris@29#. The
theoretical energy for 1s2s2 2S is consequently 227.130 eV
The energies of the excited He-like carbon states, which
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as series limits, have been obtained from the experime
work of Engstro¨m et al. @30#. These are 298.962 eV fo
1s2s 3S, 304.387 eV for 1s2s 1S, 304.412 eV for 1s2p 3P
~weighted average for the fine structure multiplet!, and
307.901 eV for 1s2p 1P.

The 1s2s2 2S state might not be expected to be observ
in a DR spectrum since this state has no allowed radia
decay channel. As found by the calculation~Table III!, this
state has, however, an appreciable radiative decay rate,
a factor 10–30 smaller than other resonances. This is du
the strong correlation that mixes the state with t
1s2p2 2S state. At a close inspection of the spectrum a v
weak line is observed~Fig. 3!, with an energy that is in very
good agreement with the theoretical value. The fact that
multiplicity of the 2S state is low also suppresses the relat
intensity of this peak.

In a comparison with the work of Kilguset al. @12# we
note that the resolution in the present spectrum is consi
ably higher. In the spectral region around 240 eV, where
n52, n852 resonances lie, the peaks are well resolved
we note that no trace of the 1s2p2 2P state can be observed
This is in agreement with the basic considerations discus
above. Since there is no continuum of even-parity2P in this
energy region, neither autoionization nor dielectronic reco
bination is possible. Such processes could only be poss
through relativistic interactions~i.e., spin-dependent interac
tion!, which are very weak here. Though the resolution
this work is much higher than in the earlier measureme
the experimental linewidth is far too large to expose
natural line widths. The largest autoionization widths are
the lowest resonances. According to the calculations~Table
III ! the autoionization width of 1s2s2 2S is 68 meV and for
1s2p2 2D 51 meV, which is about one order of magnitud
smaller than the experimental linewidth. For higher princip
quantum numbers the autoionization width will be smal
~due to weaker electron-electron Coulomb interaction!. The
width of the 1s2p2 2D state has been determined for t
preceding members of the isoelectronic sequence by op
measurements@2#. In Li I the width is 10.560.3 meV@22#,

FIG. 3. Lowest part of the DR spectrum of lithiumlike carbo
containing resonances for which both outer electrons have princ
quantum numbern52. Doubly excited states are given inLS no-
tation. Observe that no trace of the 1s2p2 2P state at 243.2 eV is
seen, in accordance with the selection rules for dielectronic rec
bination. The fitted function of asymmetric DR resonances is su
imposed.
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in Be II 30.361.1 meV @31#, and in BIII 4264 meV @32#.
The present calculated value for CIV ~51 meV! follows the
general pattern. Only a weak dependence onZ is expected
for the autoionization widths.

Many of then52, n853 resonances are well resolve
~Fig. 4!. As can be seen in Table IV, every resonance to
expected is indeed observed. There is one particular spe
feature at about 280 eV, for which the limited experimen
resolution causes difficulties. The theoretical calculatio
and the experimental analysis were initially performed in
double blind procedure, meaning that they were perform
independently without knowledge of each other’s resu
The theoretical results obtained in this way are those p
sented in the tables of the present article. The indepen
peak fitting analysis gave results essentially the same
given in the table. For the region discussed here at about
eV, the two peaks for the (1s2p 3P)3p 2S and

al

-
r-

FIG. 4. Recorded (n52, n853) DR resonances. The intensit
is given as the cross section for dielectronic recombination.

TABLE V. Integrated cross sections for individual resonanc
in C IV observed in the present experiment.

Integrated cross section (10221 cm2 eV!

Experiment Theory
State This work Ref.@12# Ref. @33# Ref. @12#

1s2s2 2S 0.7~0.2!
1s(2s2p 3P) 2Po 39.3~6! 39.3~9! 39.0 44.1
1s(2s2p1P) 2Po 4.9~3! 6.1~6! 13.2 5.4
1s2p2 2D 37.2~6! 34.5~8! 42.2 37.8
1s2p2 2S 5.9~3! 5.6~5! 8.4 7.6
(1s2s 3S)3p 2Po 5.7~3! 7.7
(1s2s 3S)3d 2D 2.5~3!

(1s2s 1S)3p 2Po 5.1~3! 2.5
(1s2p 3P)3s 2Po 6.0~3! 31.3
(1s2s 1S)3d 2D 16.2~6!

(1s2p 3P)3p 2D 16.2~7! 11.3
(1s2p 1P)3s 2Po 27.1~7! 11.2
(1s2p 3P)3p 2S 9.5~6! 2.7
(1s2p 3P)3d 2Po 12.8~6! 7.8
(1s2p 1P)3p 2D 60.0~9! 21.8
(1s2p 1P)3p 2S 89.0~10! 4.3
(1s2p 1P)3d 2Po 15.0~4! 1.3
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(1s2p 3P)3d 2Po states at 280.066 and 281.000 eV, resp
tively, according to theory, were not detected in the analy
since they are lying in the wing of the strong lines. Omiss
of these lines caused the lines corresponding
(1s2p 3P)3p 2D and (1s2p 1P)3s 2Po at 279.064 and
279.690 eV, respectively, to be moved to slightly higher v
ues ~by about 0.15 eV!. This is natural since in the pea
fitting procedure, these peaks had to compensate for the
tensity of the 280.066 eV line not included in the fit. Th
this part of the region was reanalyzed with t
(1s2p 3P)3p 2S and (1s2p 3P)3d 2Po peaks included. The
quality of the fit as measured by thex2 was significantly
improved and the energies of all four peaks discussed
were converging to values in good agreement with theor

For the peaks at higher energies~above 290 eV! no de-
tailed position determination has been performed since
resolution is too low to distinguish resonances ofn52,
n8.3 from each other. Spectral clusters of similar appe
ance as that between 272 and 284 eV should be expecte
higher principal quantum numbersn8. Separate peaks fo
everyn85427 are observed as discussed earlier in this s
tion. The main contribution comes from (1s2p 1P)n8p 2S in
each peak, but there are also unresolved contributions f
other resonances such as (1s2p 1P)n8s 2Po,
(1s2p 1P)n8p 2D, and (1s2p 1P)n8d 2Po.

Although the goal for the present experiment was to
curately determine excitation energies for resonant states
also include a table of cross sections for the different re
nances. These are given in terms of integrated cross sec
for the energy profile of the resonances. In Table V th
cross sections are given and compared with the experime
and theoretical results of Kilguset al. @12#. The theoretical
results obtained by Bellantone and Hahn@33# are also in-
cluded. Very large discrepancies were found for t
(1s2p 3P)3s 2Po, (1s2p 1P)3p 2S, and (1s2p 1P)3d 2Po,
states for whichsexpt/s theor are 0.19, 21, and 12, respe
T.
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tively. For other states the disagreement is not as large
the experimental and theoretical values agree within a fa
2–3.

V. CONCLUSION

The present work shows that an electron cooler at an
storage ring can be used to perform precision spectrosc
of autoionizing states with an unprecedented accuracy, e
though the determination of the energies on an absolute s
is difficult, in particular at the high excitation energies stu
ied here. The method is also clean from contributions fr
other charge states, which can be harmful in other te
niques. In the present experiment we also observe that
kinetic energy is converted to very low energy by diele
tronic recombination followed by autoionization. The ener
is absorbed by the target ion, which will release the energ
form of a high energy photon.

It is also shown that the available theoretical method t
employs the saddle-point technique, is capable of very h
accuracy. In fact, there is still no experimental results av
able that are of sufficient quality to test the accuracy of t
theoretical treatment. The inherent problems to accura
determine energies for resonant states both for theory
experiment have so far limited the accuracy to orders
magnitude lower than for ordinary bound states. The pres
work, however, shows that considerable improvements
possible.
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