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Strong Relativistic Effects and Natural Linewidths Observed
in Dielectronic Recombination of Lithiumlike Carbon
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The dielectronic recombination spectrum of*Cwas recorded for low collision energies. The
spectrum of thels>2p4¢ 'L resonances in the range 0—0.6 eV was analyzed in detail. It was found
that the strongest peaks in the spectrum must be explained by dielectronic recombination mediated by
relativistic effects, a process forbidden in pur& coupling. For strongly autoionizing states the natural
linewidths were observed. The spectrum was assigned in detail by the aid of very accurate relativistic
many-body perturbation calculations. [S0031-9007(98)06600-9]

PACS numbers: 34.80.Lx, 31.30.Jv, 34.80.Dp

Few-electron systems of light elements are usually very The experiment was conducted in the ion storage ring
well described in terms of.S coupling. Selection rules CRYRING [1] at the Manne Siegbahn Laboratory in
for atomic processes like radiative transitions, photoionizaStockholm. In the electron beam ion source CRYSIS, C
tion, and autoionization can be expressed internisarid  ions were produced, which were accelerated to an energy
S. For instance, in an electric dipole transitidt = 0,  of 6 MeV/amu. The ions were then cooled to a narrow
AL = =1 or 0 while parity is changed, and for Coulom- velocity distribution in the electron cooler by merging the
bic autoionizationS, L, and parity are all conserved. It ion beam with a beam of cold electrons having the same
is well known that intercombination transitions, i.e., spin-average velocity as the ions. After preparing the ion beam
forbidden radiative transitionsAS # 0), are extremely in this way, the kinetic energy of the electrons relative
weak for light elements. The extent to which such selecto the ions was scanned in order to induce dielectronic
tion rules are obeyed indicates in some sense the validigecombination. By gradually detuning the acceleration
of LS coupling. voltage of the electron gun up to 360 V away from the

Dielectronic recombination is a process in which ancooling voltage, the relative energy in the center-of-mass
electron is recombined with an ion through interactionsystem was varied from 0 to 8 eV, while the number
with the electrons of the ion. The first step of the proces®f charge-changed ion&?>") was detected. The beam
is the reversal of autoionization; i.e., a free electroncurrent of the stored ions was @A and the storage
interacts with the bound electrons to form a doublylifetime was about 40 s. More experimental details can
excited state. This state can decay by autoionizatiorhe found in Refs. [2,3].
but it can also relax by a radiative transition to a bound The resolution obtained in the DR spectrum depends on
state. In the latter case, dielectronic recombination ishe energy distribution (the “temperature”) of the electron
completed. beam. The velocity distribution of the electrons consists

In the present work, dielectronic recombination (DR)of two components, the transversal and the longitudinal.
has been used as a tool to gain spectroscopic informatidBecause of the kinematic compression obtained in a fast
on autoionizing states of the displaced system of beryllibeam, the longitudinal component is usually small. At
umlike carbon. For a Be-like system there are two iondow relative energy, the transversal component limits
ization limits presentis?2s 2§ and1s?2p 2P. InBe-like the resolution. Danareet al.[4] introduced adiabatic
carbon (i.e., €"), these two thresholds are separated byexpansion of the electron beam to reduce the transversal
8 eV. Separate Rydberg series run toward these limitsemperature by a factor of 10, resulting in a measuted
Consequently there will exist levels of the type’2pn¢  of 10 meV. The reduced transversal temperature is hence
3L which are energetically degenerate with continuumextremely valuable in the present experiment where many
statesls?>2se€ L. If the states of the former type have resonances lie below 1 eV.
the same., S, and parity as some continuum state, non- As mentioned above, Be-like systems have an interest-
relativistically allowed autoionization will occur through ing structure with both ordinary and displaced terms. In
electron-electron interaction. On the other hand, if no sucl€?* the displaced termd s?2pn€ L) pass thd s?2s 2§
symmetry exists, the state will be stable against such adimit for the principal quantum number = 4. Forn =
toionization. For an experimental investigation utilizing 4 there are four displaced configuratiorpés, 2p4p,
dielectronic recombination, resonances of cerla§rsym-  2p4d, and 2p4f), which form 20 LS terms. Nine of
metries will be observed in the energy range 0—8 eV othese lie below thés*2s %S limit, while eleven lie above;
the spectrum. see Fig. 1. Among the latter terms, there are three with
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FIG. 1.

Partial term diagram showing allS terms of the

1s22p4€ configurations (i.e., the “displaced” terms.

contribute to dielectronic recombination.

combinations ofL, §, and parity which do not coin-

shape of these peaks is very well described with the
expectedflattened electron temperature distributi¢8],
which gives rise to an asymmetric shape. In fact, the first
peak in the spectrum is, so far, the best available probe of
the transverse electron temperature of the electron cooler
in CRYRING. The spectral features for higher energies
were more difficult to explain, in particular, the plateau-
shaped part between 0.24 and 0.45 eV. Several experi-
mental spectra were recorded, also with varying electron
density, but the plateau was completely reproducible. In
order to explain the plateau by “ordinary” DR resonances,
dominated by the experimental width, more peaks are
required than available from the possible terms in this

( | Eleven region. Preliminary calculations by the Cowan code [5]
of the twenty terms based on these configurations lie abov
the first ionization threshold1s22s 25) and could possibly

faccurate within 0.05-0.1 eV in this case) did not explain
either the first two peaks or the plateau.

More accurate calculations were performed by a
method that combines relativistic many-body perturbation
theory in all-order formulation (Lindroth and Hvarfner

cide with the energetically degenerate continuum statef$]) with complex rotation. This method has been shown
1s22se€ 3L (L = €). These states are consequently ex10 give very accurate results (see, e.g., Zengl. [7] and
pected to have negligible autoionization rates.
The lowest part of the experimental DR spectrum isenergies, widths, transition probabilities for both radia-
shown in Fig. 2(a). As can be seen there are two promitive decay and autoionization, as well as the resonance
nent peaks, at about 0.17 and 0.24 eV, respectively. Thetrength (i.e., the cross section for dielectronic recom-
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references therein). From the calculations we obtained

bination integrated over the line profile) (Table I). The
high accuracy of the present calculations was confirmed
by computing the2s-2p;,, and2s-2p3,, splittings in the
lithiumlike system to be 7.9950 and 8.0085 eV, respec-
tively. The corresponding experimental values, obtained
by Bockasteret al. [8], are 7.9950 and 8.0083 eV.

The calculations revealdsvo remarkable facts First,
the two terms2p4d *P and2p4f 3G, which lie in the
plateau region of the spectrum, havery large natural
widths 52 and 115 meV, respectively. Second, the
“nonautoionizing” terms2p4d 3D and 2p4f '3F, not
expected to contribute to dielectronic recombination due
to negligible overlap with the continuum, were quite
surprisingly found to be thestrongestDR resonances.
Since the autoionization of these states is very weak, the
natural width is not observed but only the experimental
response function.

The strength of a dielectronic resonance can be ex-
pressed as

_ hﬂ-z g_d A?—»d ZS Aileﬂs
k2 8i A?—ni + Zs Aiiais

where the multiplicity of the intermediate doubly excited

state is given by, and that of the initial state by;,. The

Sa
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FIG. 2. In part (a) the experimental DR spectrum of*C €lectron wave number is = p/#. The transition rate for
in the range 0.1-0.7 eV is shown. A line is drawn betweenpopulation of the doubly excited state is given Y.,
the data points to guide the eye. In part (b) the calculatedj.e., the autoionization rate) and the rate for a radiative

spectrum is given.

The theoretical spectrum includes thg
calculated widths, and the spectrum has also been foIdeJ .
with the experimental response function. The inset shows thé IS g

ansition from the doubly excited stateto a lower state

rad

ven byA;=;.

contribution from each individual resonance included to form The equation shows that the strength is determined by

the total theoretical spectrum.
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TABLE I. The calculated values of the energies (relative the3 to 4 orders of magnitude lower than @p4d 3P and

15225 28 threshold) and the widths of the resonances discussedp44 'F, but still much higher than the radiative decay
in this work. Every fine structure level is given separately, gt of5 ns!

since the widths, in the.S-forbidden cases, are strongly In Fia. 2 th . tal dat d to th
dependent. The calculated strength (i.e., the integrated cross "' !9 e expernmental data are compared 1o the

section) is also given. theoretical results. As can be seen, very good agreement
is obtained. The calculated spectrum has been folded

Level  Energy  Width _Strength with the experimental response function. Every individual
Term J (eV) (meV) (107 eVcn?) .
resonance that composes the total spectrum is plotted
2p4d °D 1 0.176 0.09 10.5 in the inset of Fig. 2(b). It is clearly seen that only a
2 0.177 0.18 1r.7 few broadened lines are needed to create the plateau-
Spaf ! g 8%22 823 252)2 shaped region between 0.3 and 0.4 eV. We have also
P f3F : : ‘ used the theoretical values as initial values for peak
2p4f °F 2 0.240 0.001 1.7 " -
3 0.242 0.25 50 f_|tt|ng by Fhe commercial ProgrankEAKFIT. Fo_r the
4 0.243 0.33 6.4 lines predicted narrow, the analytical expression for a
2p4d 4P 0 0.292 52 1.3 DR proflle [3] was used, \_/vhlle for W|de.I|nes the
1 0.289 52 4.0 experimental response function was approximated by a
2 0.285 52 6.8 Gaussian line profile folded by a Lorentzian. Because
2paf °G 3 0.351 115 3.3 of the number of unresolved peaks of different widths
4 0353 115 4.2 in the spectrum, it is, however, not possible to extract
1 5 0.360 115 5.1 accurate values for every spectral line on experimental
2p4-f3G 4 0.375 115 22 grounds. However, a very interesting conclusion can
2p4f °D 1 0.433 1.01 1.0 be d - th h fth b q
5 0.430 1ol 16 e drawn: the shape of the observed spectrum can
3 0.426 1.01 23 onIy_pe_epralned, and very well des'crlbdu?y strong
2p4f 'D 2 0.452 0.22 0.9 relapwstlc effects and large naturql line WIdﬂ’]S'FOI’
2p4d 'F 3 0.460 236 11.3 the isolated spectral features, experimental energies could
2p4p 'S 0 0485 221 0.2 be determined: 0.182 eV foRp4d 3D, 0.244 eV for
2p4d 'P 1 0.586 46 2.0 the unresolve®p4f '3F, 0.438 eV for2p4f D, and

0.578 eV for2p4d 'P. The scatter between different
measurements is about 2 meV. By inclusion of the
orders of magnitudes stronger than the radiative decay. lancertainty for the absolute energy scale, we estimate
the present case, the calculated autoionization rate for thee final experimental uncertainty to be 5 meV. The
2p4f 3G is, for example, 7 orders of magnitude larger shape of the isolated DR profiles is excellently reproduced
than the radiative decay rate. The DR rate can, howevehy the analytic function, indicating that no significant
be very large even if the autoionization rate is very lowinterference from radiative recombination is present.
as long as it is larger than the radiative decay. From the These observations are indeed remarkable. Until now,
formula above it is also seen that the resonance strengsiudies by dielectronic recombination have not been done
increases for low energies. with sufficient resolution to clearly reveal the natural
The two resonances observed at the lowest energidmewidths. The present observation was made possible
correspond to th@p4d 3D and the2p4f 3F,'F states by improved instrumental resolution in combination with
(the latter terms cannot be experimentally resolved). Awsery high autoionization rates for certain states. To
mentioned above, Coulomb interaction alone cannot methe best of our knowledge, experimental evidence that
diate this recombination. It is only possible in the ad-very strong contribution to dielectronic recombination
ditional presence of the spin-orbit interaction, i.e., whencould occur through relativistic effecthas not been
only the total angular momentuni could be consid- presented previously. The two strongest peaks in the
ered good. The observation does not imply that ther@bserved spectrum, which are caused by such effects,
is a breakdown in the.S-coupling approximation for were observed by Andersest al.[9] in a single pass
this particular system. The fully relativistic calculation experiment, but the resolution was not sufficient to permit
is performed injj-coupling, but a recoupling of the state identification of individual states. A similar spectral
vectors shows that thé&S mixing is very small. The feature observed in an Auger spectrum has also been
2p4d 3D, for example, consists to 99.95% &b and  reported by Stolterfoht [10].
only by totally 0.05% forP F (0.016%) and F (0.032%), In a theoretical paper by Griffiet al. [11], the impor-
where only the/ F term opens the way for dielectronic re- tance of using intermediate coupling instead of LS cou-
combination since th&F state is below the threshold. For pling for lithiumlike ions was pointed out. They found
the2p4d 3D term, theLS mixing leads to autoionization that the DR cross section increased substantially due to
rates for the three fine structure componduts= 1,2,3)  slight mixing between different LS terms. This is the
of 134, 224, and56 ns !, respectively. These rates are same effect as reported in the present Letter, but here
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we analyze selectively individual LS terms in detail, both  We conclude that the present work reveals that rela-
theoretically and experimentally. tivistic effects could be of major importance in di-
As discussed above, the autoionization rate may varglectronic recombination even if the atomic system is
many orders of magnitude without loss of the DR rate,described with a very high accuracy in (nonrelativistic)
as long as the autoionization rate is larger than the radiatS coupling. In particular, for collisions at low energies,
tive decay rate. A phenomenon related to the present olit is not sufficient to perform DR calculations only in the
servation has been reported earlier. In a beam-foil studg.S coupling approximation. It is also shown that with
of doubly excited states in neutral lithium by Mannervik the narrow experimental linewidth that can be obtained at
and Cederquist [12], it was observed that the radiativehe electron cooler of CRYRING, it is possible to resolve
lifetimes for quartet states above the2s 3S threshold natural linewidth of autoionizing doubly excited states.
was substantially shorter than nonrelativistic calculations We gratefully acknowledge excellent support from the
predicted. For quartets below the threshold, howeverstaff of the Manne Siegbahn Laboratory. This work
the agreement was excellent. The effect was explainedias supported by the Swedish Natural Science Research
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