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Strong relativistic effects on dielectronic recombination of metastable Li¿ ions

Li-Bo Zhao and Toshizo Shirai
Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-1195, Japan

~Received 14 August 2000; published 11 December 2000!

Dielectronic recombination~DR! of Li1 ions in the metastable 1s2s 3S state has been calculated by using
the close-couplingR-matrix method and perturbation theory, and compared with the high-resolution experi-
ment. Good agreement has been shown. The occurrence of the experimental double peak structure at energies
of 0.1–0.2 eV can be surprisingly attributed to relativistic effects. A very strong radiation damping effect on
the resonances in the second peak position was discovered. Furthermore, in the 1s2p(1P)nl (n5527)
resonance energy region, our calculations have displayed that the contribution to DR from high-angular-
momentum (l .3) configurations is very small. This point is markedly different from the result of Saghiri
et al. @Phys. Rev. A60, R3350~1999!#.
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Dielectronic recombination~DR! between electrons an
ions can be referred to as an indirect two-step process.
one of bound electrons of the ion is excited by a free elect
and correspondingly the free electron is captured so a
form so-called doubly excited states due to its energy loss
the second step, these doubly excited states decay into
autoionizing states by spontaneous radiative transitions.
is not only of fundamental physical interest but also of pr
tical importance. The precise description of this proces
crucial to understanding electron correlation, relativistic a
QED effects, radiation damping, and astrophysical and la
ratory plasmas@1–4#. So far a great deal of experimental an
theoretical efforts have been made to study dielectronic
combination~see, e.g., Ref.@5#!. Many experimental obser
vations have been satisfactorily reproduced by theoret
calculations; however, some measurements have not
been deciphered@6–9#. This shows that further profound re
search on DR is required. Recently DR for the lightest H
like ion, Li1, in both the ground and metastable states,
been observed at the Heidelberg ion-storage ring and e
tron cooler facility@9#. Meanwhile a close-couplingR-matrix
calculation has been carried out to compare with the m
surement. Their computational scheme, called the radia
optical potential method, has turned out to be successfu
calculations of photorecombination@3#. However, the com-
parison showed that an experimental double peak struc
of DR for the metastable Li1 ions at the 0.1–0.2 eV energ
region was not reproduced by the theory, and in
1s2p(1P)nl (n5527) resonance energy region the the
retical results were up to a factor of 2 higher than the obs
vation if involving the contribution from thel>3 configura-
tions. This prompted us to perform an investigation on
DR of Li1. The theoretical method based on the rigoro
continuum-bound transition theory of Davies and Sea
@10# and the perturbation theory, developed and applied
calculations of photorecombination for C41 @11#, has been
employed in the present calculations. We found that the
currence of the double peak at energies of 0.1–0.2 eV
surprisingly be attributed to relativistic effects, and radiati
damping has a strong effect on the resonances in the se
peak position. At first glance, it seems to be a littleabnor-
mal. In general, it is well known that the relativistic effe
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can be undoubtedly omitted for extremely low-Z atoms or
ions, and it becomes significant only with increase ofZ be-
cause of the higher velocity of electrons in medium- a
high-Z atoms. Later we will give our calculated results a
explain the reasons. Moreover, the identification of so
states in Ref.@9# is not in agreement with our calculation
and we did not find any important contribution to DR of th
metastable Li1 ion from high-angular-momentum states
the 1s2p(1P)nl (n5527) resonance energy region~about
2.5–2.9 eV!. This point markedly differs from the result o
Saghiriet al. @9#.

The theoretical method employed in this work has be
detailed in Ref.@11#. Here we give only calculations an
results. We first solved Li11e electron-ion systems in the
framework of the close-couplingR-matrix approach~see Ref.
@11# and references therein for details!, neglecting interaction
with the radiation field. Then the wave functions obtain
were employed to evaluate the reduced dipole matrix and
S matrix. Finally the undamped and damped cross secti
for photorecombination of Li1 ions in the metastable
1s2s 3S state were obtained. Our calculations were carr
out in the LS coupling scheme, and the 11 lowest targ
states 11S, 2 3S, 2 1S, 2 3P, 2 1P, 3 3S, 3 1S, 3 3P,
3 3D, 3 1D, 3 1P were included. The 2s, 2p, 3s, 3p, and
3d radial orbits were optimized on the 23,1S, 2 3,1P, 3 3,1S,
3 3,1P, and 3 3,1D states, respectively. In Fig. 1, the parti
cross sections for several symmetries2Se, 2Po, 2De, and
2Fo are plotted as a function of electron energy at the ene
range 0–1.1 eV. The resonances with the2Po and 2De sym-
metries have been identified by comparison with the av
able experimental and theoretical energy levels. These
are listed in Table I together with earlier work@12–18#. All
the energy levels were transferred to values relative to
1s2s 3S level. In the transfer, the exact energies of t
1s22s 2S, and 1s2s 3S states were used@14,19#. From Fig.
1 and Table I one can see that the experimental peak a
energy range 0.1–0.2 eV should be assigned to the s
1s2s(1S)3d 2De, rather than 1s2p(3P)3p 2De identified
by Saghiriet al. @9#, and the peak at energy;0.43 eV should
be the state 1s2p(3P)3p 2De, rather than 1s2p(3P)3p 2Se

in Ref. @9#, since Fig. 1 indicates that no resonance w
©2000 The American Physical Society03-1
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FIG. 1. Partial DR cross sections of Li1 ions
in the metastable 1s2s 3S state in the 0–1.1 eV
energy region.
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symmetry 2Se appears in the vicinity of 0.4 eV. Moreove
Saghiriet al. @9# attributed the observed peak at about 0.
eV to the contribution from the resonanc
1s2p(3P)3d 2Do and 1s2p(3P)3s 2So. Obviously this is
unreasonable, because there exists no continuum
1s2s(3S)« l 2L both of odd parity and ofL50 or 2 to inter-
act with these two states in theLS coupling scheme that wa
adopted in their calculations, and thus it is impossible
engender dielectronic capture and autoionization. Only w
relativistic effects are taken into account can dielectronic
combination happen. Cederquist and Mannervik@20# ob-
served the position of the 1s2p(3P)3d 2Do resonance to be
0.578 eV. We attempted to calculate the Auger rateGa and
the radiative rateG r for the 1s2p(3P)3d 2D3/2,5/2

o states by
using the perturbation theory in the relativistic Breit-Pa
01070
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approximation~see Ref.@11# for details!. We found that al-
though theGa is ;33109/s, theG r is smaller by more than
one order of magnitude. The corresponding DR cross s
tions displayed a negligible contribution from these tw
states.

Based on the measurements and evaluations, which
listed in Table I, by several experimental and theoreti
groups, there is a resonance 1s2p(3P)3p 2Pe ~exactly
2P1/2,3/2

e ) in the vicinity of about 0.16 eV. It probably con
tributes to the second peak of the double peak in the 0.1–
energy region observed by Saghiriet al. @9#. In theLS cou-
pling scheme, there is no such resonance. Only when
relativistic interaction is considered can this resonan
emerge, as analyzed in the above paragraph. In genera
made in Ref.@9#, it is thought that relativistic effects ca
TABLE I. Energy levels of resonances 1s2lnl 8 relative to the 1s2s 3S state in LiI in units of eV.

Experiment Theory
State Ref.@12# Ref. @13# This work Refs.@14–16# b Ref. @17# Ref. @18#

1s2s(1S)4p 2Po 0.748 0.728 0.733
1s2p(3P)3d 2Po 0.825a 0.822 0.833 0.843
1s2p(1P)3s 2Po 0.870 0.884 0.880 0.882
1s2p(3P)3p 2Pe 0.167 0.158 0.176

0.173
1s2s(1S)3d 2De 0.126 0.128 0.164 0.131
1s2p(3P)3p 2De 0.415 0.433 0.505 0.485
1s2s(1S)4d 2De 0.947 0.965 0.993 0.974

aA different identification from the experiment.
bThe energy levels of2Po are taken from Ref.@14#; the relativistic~above! and nonrelativistic~below! ones
of 2Pe from @15#; and the nonrelativistic ones of2De from @16#.
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undoubtedly be omitted for very low-Z ions. We have found
however, that for DR of Li1 ions in the 1s2s 3S state, this is
not the case. By employing the developed perturbative th
retical method@11#, we calculated DR through this resonan
in the framework of the semirelativity. The Auger and rad
tive widths evaluated are 1.9731023 meV and 2.8631023

meV, respectively, for the state 1s2p(3P)3p 2P1/2
e ; and

1.3131023 meV and 2.5531023 meV for
1s2p(3P)3p 2P3/2

e . Obviously the widths of these two reso
nances are much smaller than the experimental elect
energy distribution described by the electron temperatu
(kTi ,kT')5(0.2 meV, 18 meV!. Therefore we can use Eq
~9! of Ref. @21# to evaluate the rate coefficients. The conv
luted cross sections in theR-matrix LS coupling scheme and
the perturbative results from the 1s2p(3P)3p 2P1/2,3/2

e were
added together and given in Fig. 2, where the solid line r
resents our theoretical calculations and the dots with e
bars are the experimental measurements of Saghiriet al. @9#.
The good agreement with experiment has been exhibi
The reason why these two resonances of the extremely s
Auger widths produce results comparable with the re
nances of large Auger widths can be readily understood f
ŝd}GaG r /(Ga1G r) ~also see Gorczyca and Badnell
analysis@3#!. Based on the expression, one may see that
rate coefficient̂ vs& is determined by the smaller ofGa and
G r whenG r@Ga or vice versa. Our perturbative calculation
indicated that the radiative widths of most of the resonan
in Fig. 1 have the same orders of magnitude,;109/s, as the
states 1s2p(3P)3p 2P1/2,3/2

e . That means that although th
Auger widths of the 1s2p(3P)3p 2P1/2,3/2

e resonances are
four orders of magnitude smaller than that of t
1s2s(1S)3d 2De, they still can produce comparable resul
as shown in the 0.1–0.2 energy region in Fig. 2. From
above analysis, we can notice that whether a resonanc
significant depends not only onG r andGa of the resonance
themselves but also on theG r andGa of the dominant reso-

FIG. 2. The theoretical DR rate coefficients~solid line! of Li1

ions in the metastable 1s2s 3S state, calculated in the close
coupling R-matrix method and perturbation theory, along with t
experimental measurements~dots with error bars!.
01070
o-

-

n-
s

-

-
or

d.
all
-

m

e

s

,
e
is

nances. So in the calculation of dielectronic recombination
is not safe to assert that a very narrow resonance, whic
often due to spin-orbit interaction, is negligible without an
check. The relativistic effect may play an important ro
even for ions with extremely lowZ. It should be mentioned
that we adopted the experimental energy level 0.167 eV@12#
in our calculations. From the perturbative views, it
straightforward to include or exclude radiation damping.
we also give undamped results~dotted line! in Fig. 2. The
comparison has displayed that the DR cross sections thro
the 1s2p(3P)3p 2P1/2,3/2

e resonances are damped by up to
factor of 1.4. This is different from the view of Ref.@9# that
this system is one of the few where damping can be omit
Except for these two resonances, however, ourR-matrix cal-
culations have shown radiation damping to be indeed ne
gible. This may be attributed to the special magnitude
both Auger and radiation widths of the 1s2p(3P)3p 2P1/2,3/2

e

state.
All our R-matrix DR calculations for the metastab

1s2s 3S state of Li1 have been carried out in the energ
region 0–3.15 eV, below the 1s2p 1P threshold. The total
cross sections, including all2Lp symmetries in the region
are evaluated, and are convoluted with the experimental
ergy distribution. The rate coefficients obtained~solid line!
are depicted in Fig. 3 along with the measurements
Saghiri et al. @9#. The dotted line represents the results
volving all states of configurations 1s2p(1P)nl (n5527,
all l ), while the solid line is the contribution from only th
configurations withl 5023. Using perturbation theory we
also calculated DR through all the resonance states ex
for 1s2p(3P)3p 2P1/2,3/2

e , such as the 1s2p(3P)np 2P1/2,3/2
e

(n5427) states, which do not occur in theLS coupling
scheme and can only be due to the relativistic interacti
The Auger widths for these resonances are too small to c
tribute to the observation. That means that in the 0.2–3

FIG. 3. Comparison between theR-matrix LS coupling DR rate
coefficients of Li1 ions in the metastable 1s2s 3S state and the
experimental measurements~dots with error bars!. The solid and
dotted lines denote the contribution from all states of configurati
1s2p(1P)nl ~all l ), and that only from the states withl 5023,
respectively.
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eV energy region, the relativistic and nonrelativistic resu
are equivalent. From Fig. 3 it may be seen that our theo
ical results, excluding the high-angular-momentum sta
are much closer to the experimental ones. The compar
suggested that the sharp cutoffnc to take the field ionization
effect into account should be a rough approximation, and
initial field-ionized states should be not onlyn dependent but
also l dependent, as pointed out by Saghiriet al. @9#. How-
ever, from Fig. 3 we did not notice any significant contrib
tion from the configurations with the high angular mome
tum. This is markedly different from the result of Saghiriet
al @9#. They demonstrated that DR from high-l states is twice
as much as that from the 1s2p(1P)nl ( l ,3). It must be
emphasized that the contribution from thel 53 state is small
(,18%) in the energy region concerned, on the basis of
calculation. Therefore, even though the contribution from
l 53 state is removed in the solid line, the discrepan
which represents the contribution from the states with higl
including l 53, between the solid and dotted lines is still n
large. It remains unexplained why the radiative optical p
tential method employed in Ref.@9# yields DR from the
high-l states to be dominant but the present method does
We do not think that the two different theoretical metho
might give rise to this difference, because both the meth
have proved to be equivalent@22#. A further exploration
may be necessary. Using the perturbation theory we
evaluated DR from the high-angular-momentum sta
s,
.

A
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1s2p(1P)nl (n5527), and discovered that the Auge
widths for the resonances grow more and more narrow w
increasingl ; consequently their contributions are trivial. Th
result is in agreement with theR-matrix calculations. Above
the energy;2.9 eV, we can see a large discrepancy betw
the experiment and our calculations. This may be attribu
to the radiative decay during the time of flight. The Li atom
recombined into the states withn.nc may survive field ion-
ization if the outer electron radiates to a final state belownc
during the time of flight from the electron cooler to the an
lyzer @23,9#.

In conclusion, we investigated dielectronic recombinati
for He-like lithium with very lowZ in the metastable state b
using the close-couplingR-matrix method and perturbatio
theory. We found that the occurrence of the experimen
double peak can be surprisingly attributed to relativistic
fects. It is the first discovery that the relativistic effects pl
a significant role in recombination of so lowZ ions. The
striking effect of radiation damping, by up to a factor of 1.
on the 1s2p(3P)3p 2P1/2,3/2

e resonances was noticed. Ou
calculations have shown that the contribution to DR fro
high-angular-momentum states is very small. This point
markedly different from Saghiriet al. @9#.
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