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Dielectronic recombination due to the 2s~2p excitation has been measured for metastable He-

like C + and 0 + ions and for Li-like C + and 0'+ ions. The measurements have been performed
with a merged-beams technique. An energy resolution of 0.135 eV was obtained. The data for the
Li-like ions are compared with distorted-wave calculations. For the low-lying resonances, good
agreement is found between experiment and theory except for one resonance (2p4I) for C'+ that is

very close to threshold. The contribution due to higher Rydberg states is in agreement with theory

for external fields of 3 V/crn for C'+ and around 7 V/cm for O' . The field present in the experi-
ment is expected to be around 2 V/cm. Large and unexpected structures are observed in the He-like

data. These have tentatively been explained in terms of interaction between different core
configurations. For the metastable He-like ions extremely large cross sections of the order of 10
to 10 ' cm are found.

I. INTRODUCTION

When a free electron and an ion are to combine, excess
energy and momentum have to be given away to some
third "particle. " In the process of radiative recombina-
tion, ' the excess energy provides the creation of one or
more photons. Radiative recombination is a nonresonant
process with relatively small cross sections. Therefore
cross sections for this process have not yet been obtained
experimentally. When the density of electrons is
sufficiently high and the temperature of the electrons
sufficiently low, the energy may also be taken up by
another free electron. This process is known as collision-
al recombination. In the present paper, we report on the
dielectronic-recombination (DR) processes, in which the
excess energy is given to a core electron of the ion which
then becomes excited. The originally free electron be-
comes bound to some state nl of the ion. If the doubly
excited state decays by photon emission, the
dielectronic-recombination process is completed. If not,
elastic scattering has occurred. The DR process is reso-
nant and normally associated with cross sections of the
order of 10' —10 ' cm . It is therefore easier to mea-
sure than the process of radiative recombination, which is
associated with much smaller cross sections.

If the free electron is associated with the kinetic energy
E, relative to the ion, and the core-excitation energy is
b E, then for the state nl energy conservation yields

E„(+E,=AE,

where E„( is the binding energy of the state nl. When hE
is small compared to the total binding energy of the core
electron, high Rydberg states (nl) are populated. The
core-excitation hE is then normally unaffected by the
presence of the Rydberg electron which merely acts as a
spectator. As will be discussed below, however, the Ryd-
berg electron may play a very important role when

different core configurations can mix. This happens in
particular when core (1)nl states are energy degenerate
with core (2)n'l' states.

Here we report dielectronic-recombination measure-
ments with metastable He-like C + and 0 + ions. The
following reactions were considered:

e + A «+( ls2s 'S) A' "+(ls2p 'Pnl)

—+A'« "+(ls2p Pnl),

e + A «( ls2s 'S)~ A' "+(ls2s 'Snl)

~A'« "+(ls2p Pnl)

~ A'« "+(ls2p 'Pnl),

(2)

(4)

(6)

where A ~+ is either C + or 0 +. As will be seen from
the present results, the DR cross sections related to these
transitions are extremely large. In an earlier paper, we
reported on DR measurements for 0 + ions. For con-
venience, these data will be presented again, together
with improved measurements with 0 +.

We also present data obtained with Li-like ions of C +

and 0 +. Here the DR process is related to the following
reaction:

e +A +(ls 2s) A' "+(ls 2pnl),

where A~+ is either C+ or 0+. These systems have
been considered before both experimentally ' and
theoretically.

To reveal the resonant structure of the dielectronic-
recombination process, sources of electrons with good en-

ergy definition are needed. In the present work, the
spread in relative energy is as low as 0.135 eV, which is
more than a factor of 30 better than that obtained in pre-
vious merged-beams measurements. ' Consequently, the
present data provide a more severe test of the calcula-
tions on DR.
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The present data have been obtained with a so-called
electron cooler. Electron cooling is one scheme for
reduction of the beam phase space in storage rings. '

When a beam of electrons with little momentum spread
(i.e., cold electrons) is merged with stored ions, cooling of
the ions will take place due to the mutual Coulomb in-
teraction; transverse momentum is transferred from the
ions to the electrons. The apparatus was built to serve
two purposes. First, it provides an ideal target of elec-
trons with well-defined energy. Second, the apparatus
was built as a prototype for the electron cooler at the
heavy-ion storage ring at the University of Aarhus. '

II. EXPERIMENTAL TECHNIQUE

The present results have been obtained with merging
beams of electrons and ions. Figure 1 shows the experi-
mental setup schematically. The ion beams were provid-
ed by the 6-MV EN tandem accelerator at the University
of Aarhus. The C +, C +, and 0 + beams were extract-
ed directly from the terminal of the machine, whereas
0 + was produced by a thin post-stripper foil. Immedi-
ately in front of the interaction region, the beam was
cleaned for unwanted charge-state components by a 15'
bending magnet. After the 1 m interaction region, the
ions were charge-state-analyzed by an electric field per-
pendicular to the beam direction. This field sets an upper
limit n,„ for the main quantum number of states which
survive through the analyzer according to

n,„=(6.2X10 q'/F)'

where E is the electric field strength in V/cm (Ref. 15).
Fields in the order of 10 kV/cm were applied. Finally,
the main beam was collected in a Faraday cup, and the
small fraction of ions, which had captured an electron ei-
ther from rest-gas molecules in the vacuum system or
from the electron beam, was detected by a position-
sensitive channel-plate detector. Two quadrupole dou-
blets were used to guide the ion beam through the setup.

The alternative method of using slits to define the beam
path was avoided in order not to create slit-edge-
scattered particles and to maintain the high ion flux
through the interaction region. The ion-beam current
was typically 1 pA.

As mentioned above, electron capture from the rest gas
constitutes a background signal. Therefore, great efforts
were used to keep the pressure as low as possible. With
both ion and electron beam on, the pressure in the in-
teraction region was about 2X10" torr. The rest-gas
composition was dominated by H2. At the largest DR
resonances, the signal-to-background ratio was about
10:1.

The electrons were accelerated in an electron gun with
Pierce geometry,

' see Fig. 1. The gun produced an elec-
tron beam with a diameter of 1 cm. It was verified with a
Faraday probe that the intensity variation of the electron
beam, within a diameter of 0.8 cm, was less than 5%.
Figure 2 shows the profile of the electron beam at 1000
eV.

The electron current was space-charge limited, and it
was in terms of the acceleration voltage V, given by
I, =PV, . The perveance P could be changed by vary-
ing the distance between the cathode and the gridded
anode. P was typically =5 X 10 (A/V ), yielding
electron currents of about 10 mA in the present experi-
rnent with MeV/amuion beams. Three solenoids and
two toroids guided the electrons from the gun through
the interaction region to the collector. The magnetic
field of 100—200 G, depending on electron energy, was
applied to compensate for the space-charge field in the
electron beam. Care was taken to make a homogeneous
magnetic field in the electron beam. Figure 3 shows the
variation of the field strength along the center path of the
electrons from the gun to the collector. On the three
straight sections of the electron path, dipole magnets
were used to slightly steer the electron beam.

We were able to modulate the anode voltage by 2.5 V
at a frequency of 2 MHz, and the electron-beam intensity
was modulated accordingly. The horizontal and vertical
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FIG. 1. Schematic diagram of the experimental setup.
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FIG. 2. Electron-beam profile at the exit of the merge region.
The electron energy is 1000 eV. I,
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positions of the electron beam in the merge section was
then measured via the voltage induced on two oppositely
mounted electrostatic pickup plates. The buncher facility
of the tandem accelerator was used to modulate the ion-
bearn intensity at the same frequency to monitor the ion-
beam position in the merge region. In this way, the over-
lap between the two beams was known since the ion beam
was fully embedded in the electron beam, the diameter of
which was larger than that of the ion beam (see also Fig.
4).

The actual energy of the electrons was given by the for-
mula (in the laboratory frame)

E, =(V, + V, )e,
where V, is the space-charge potential in the electron
beam and e is the elementary charge. The space-charge
potential varies slightly across the electron beam, causing
a small longitudinal spread in the electron energy. With
the present geometry, we calculate

with I, in mA and E, in eV. At the center of the electron
beam, K(r =0)=85 V and on the edge K(r =ro) =78 V.
In the rest frame of the ion, the energy of the electron E„
was obtained as

' 1/2

iE„i=E,+ E; —2 EE,

where E; is the ion energy and m and M are the electron
mass and ion mass, respectively. We used the convention
that negative E, corresponds to u, & u; and positive E„
corresponds to u, & u;, where u, and u; are the electron
and the ion velocity, respectively. We found the DR res-
onances to lie symmetrically with respect to E„=O for
values of Ii very close to 85 V, implying that there was
little space-charge neutralization due to trapped positive
ions in the interaction region.

Let Nq+ be the number of incoming ions with charge
q+ collected in the Faraday cup and N'q "+ the number
of ions with charge (q

—1)+ detected in the position-
sensitive detector. Figure 4 displays the beam profile at
the ion detector. Then, in the rneasurernent, we recorded
the number of ions N'q "+ on the channel plate as a
function of the relative energy of the electrons given by
Eq. (11). Figure 5 shows such a spectrum for incoming
0 +. Evidently, there is a large nonresonant background
contribution, on top of which is the resonant DR signal.
A second-order polynomial was fitted to this contribution
in energy regions where no DR resonances were present.
We then subtracted this background Nz "+ from the

spectrum and obtained the true DR signal.
We choose to represent our data in the form of the rate

coefficient defined as

0
20 40 60 80 100 120 140 160 180 200 220

S(cm)
1 0

N(q —1)+ N(q —1)+
(Uo)=—

p, L
(12)

FIG. 3. The variation of the magnetic field along the center
line of the electron beam. where u is the electron velocity in the ion frame, p, is the
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electron density, and I. is the interaction length. e, the
ion-detection efficiency, was measured directly by com-
paring count rates in the channel plate and in a solid-
state detector mounted permanently in the vacuum sys-
tem. We found @=80%+5% for the C beams and
@=90%+5%for the 0 beams. The combined uncertain-
ty of ( vcr ) is estimated to be +20%. This includes un-
certainties due to the beam current measurements, the
ion-beam- electron-beam overlap, the effective target
length, and background subtraction.

To be able to compare the experimentally obtained rate
coefficient Eq. (12) with theory, the electron-velocity dis-
tribution f (v), as seen in the rest frame of the ion, must
be known. The relation between the cross section 0 and
the rate coefficient is

(vo ) = f o(v)vf (v)dv .

We choose to write f (v) as a product of two Maxwell dis-
tributions,

m —mui l2kTi2

2mkT~

I
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FIG. 6. Artificial DR resonance generated for different elec-
tron temperatures. Upper figure (k TII

= 10 eV): ~ ~ ~,

kT&=0.3 eV; ———,kT&=0.2 eV;, kT, =0.1 eV.
Lower figure (kT, =0.2 ev): ~ ~ ~, kTII =10 eV; ——.—,
kTII = 10 ' eV;, k TII

= 10 eV.

mination of kT~ and kTII. Figure 7 shows a fit to the
ls2s('S)~ ls2p ('P) 1 ll DR resonance of 0 + (to be dis-
cussed later). Evidently, the distribution function Eq.
(14) describes the measured resonance well. From fits to
several resonances, we obtained kTj =0.135+0.010 eV
and kTI =(10+5)X10 eV for the two temperatures.

1/2
m —m(t) —6) l2kT

II

2-kTII
(14) 600-

where u~ and uII are the electron-velocity components
perpendicular and parallel to the ion beam, respectively,
and 6 is the detuning velocity given by —,'mh =E„. T~
and TII are the two temperatures which characterize the
relative motion of the electrons and ions. To obtain
values for kT~ and kTII, we utilized the fact that the DR
cross section for a single resonance is narrow and
represented the cross section by a 5 function. Figure 6
shows the resulting rate coefficient for an arti6cial reso-
nance at the relative energy of 0.15 eV. Evidently, the re-
sulting shape of the rate coefficient as a function of ener-

gy is very sensitive to the two "temperatures" kTj and

kTII. It is seen that the curve towards low energies is sen-
sitive to kT~, and the curve towards higher energies is
sensitive to kTII. This allows for an independent deter-
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FIG. 7. Fit to the Q + [1s2s('S)]+e ~Qs+[1s2p('P)111]
DR resonance. The solid curve results when o(v) is a 6 func-
tion, and the rate coefficient is given by Eqs. (12) and (13).
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As expected, due to the kinematic reduction of the longi-
tudinal energy spread, kT~~ «kT~. There is no kinemat-
ic reduction of the transverse energy spread. kT~ is
found to be about 50% larger then expected from a
cathode at the temperature of 1000 K. Additional heat-
ing may take place during the transport of the electrons
through the anode and in the magnetic field in the in-
teraction region. It should be emphasized that the use of
a 5 function to describe the resonance is idealistic. If
several resonances with difFerent l-quantum numbers in
fact contribute to the DR process over a nonnegligible
energy range, the temperatures obtained are overestimat-
ed. Thus the obtained values are to be considered as
upper limits.

III. RESULTS AND DISCUSSION

A. He-like ions

The excitation energy of the ls ('S)~ ls2p ('P) transi-
tion is 308 eV for C + and 574 eV for 0 +. In the energy
range used in the present investigation (0~14 eV), there
are no DR resonances related to this excitation. Hence
the observed DR resonances with C + and 0 + have to
be due to metastable states. The lifetimes of the ls2s('S)
and ls2s( S) states are longer than or comparable to the
Aight time from the place of production to the region
where the beams merge. We do not know the exact frac-
tions of metastables in the ion beam, and in that sense,
the data give information only on the relative cross sec-
tions. When applying Eq. (12) to determine (Uo ), we
simply used the total number of ions in any state as N~+.
Thus the rates obtained with the metastable He-like ions
are to be considered as lower limits. The fraction of
metastable S states in the ion beam is likely to be in the
order of 30%. ' Assuming a statistical population
(2S+1) of the 'S and S states, the initial population of
the 'S state is in the order of 10%. Due to the relatively
short lifetime of the 'S state, ' only 5 —10% will live long
enough to reach the electron target. Thus a rough esti-
mate of the state population at the target is ls ('S), 70%,
ls2s( S), 30%; and ls2s('S), ~ 1%. The rate coefficient
associated with the 'S~'P excitation may therefore be
100 times larger than the values quoted here.

For convenience, we show in Fig. 8 a schematic level
diagram with the possible core excitations of the two
metastable states 1s2s('S) and ls2s( S) indicated. As
seen in the figure, there are up to five different excitations
for the He-like ions. The DR resonances are expected at
relative energies according to

1)E ~s2p('P)

1s2s( S) 1s2p (3P)
J=0,1,2

1s2s (~S)

Figure 9 presents the experimental results for C +.
The figure shows the expected positions of the DR reso-
nances according to Eq. (15). It is seen that the signal re-
lated to the ls2s('S)~ls2p('P) excitation dominates,
even though the metastable fraction for this initial state
may be as low as 1%. This is due to the strong radiative
stabilization of the doubly excited intermediate state,

1s2p ('P)nl ~1s ('S)n1+h v .

Taking into account the small fraction of 'S states in the
ion beam, we obtain DR cross sections in the order of
10 ' to 10 ' cm, which are much larger than for any
other system studied so far. This experimental finding is
consistent with recent theoretical calculations.

In C +, the ls2s('S) and 1s2p( P) core states are al-
most energy degenerated. The ls2p( P) state lies just
above the ls2s ('S) state, the energy difFerence being only
0.008 eV. Thus, in principle, dielectronic recombination
involving very high Rydberg states is possible for the
'S~3P excitation. According to Eq. (15},n should then
be larger than about 160. Such high Rydberg states are
ionized in the analyzer field, and consequently, this DR

q 13.6
n

n
(15)

where AE is the core-excitation energy related to one of
the five possible excitations. In the present work, we ob-
tained these energies from calculations of Drake. ' In
Eq. (15) we neglected the quantum defect. Consequently,
DR resonances with low-to-medium n quantum numbers
may be found at a slightly lower energy than given by Eq.
(15). Moreover, Eq. (15}does not predict the positions of
the difterent angular-momentum states.

FIG. 8. Schematic level diagram of the 1s2s and 1s2p states
of C4+ and O'+
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process will not be observed. By varying the place of pro-
duction of the C + ions (terminal, post-stripper foil), it
was verified that the very intensive peak at zero energy
(see Fig. 10) was due to excitation of the 'S core state.
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FIG. 10. DR spectrum for 15-MeV C + for relative energies
between —1 and 1 eV. To obtain a lower limit of the rate
coefficient, multiply the ordinate by 10 ' cm /s.

Most likely, it is due to members of the n =8 resonance
of the 'S~'P transition.

The rate coefficient for radiative-recombination peaks
at zero energy. Our calculations, however, show that the
rate coefficient is only about 5 X 10 "cm /s at zero ener-
gy with the present electron temperatures. Moreover, the
observed sharp peak cannot be due to radiative recom-
bination because of the weak energy dependence of the
cross section of this process.

For the S initial core state, three excitations (III—V)
are possible. It is immediately seen that these series are
weaker than the strong 'S ~ 'P series (I), and mainly only
the series limits (large n values) are recognized in the
data. The two transitions S—+'S and S~ P (III and
IV) appear as only one series due to the small energy
difference. In Fig. 10 are seen small resonances which
maybe due to n =5 for the S~'Pexcitation.

The large peak at around 4.5 eV appears where the
n =7 resonance of the S~'P series nearly coincides
with the n =14 and 15 resonances of the S~'S, P
series. Extraordinarily large DR signals have been ob-
served for He-like 06+ (Ref. 4) (see the data presented
below) and have been interpreted as being due to
configuration interaction (CI). The near degeneracy of
the states will cause them to interact so that the different
core configurations mix. In the present case this means
that the 'S and P cores mix with the 'P core. Since the
'P core very quickly makes the radiative transition to the
core ground state [Eq. (16}],an enhanced DR signal re-
sults. Theoretically, the effect of the configuration in-
teraction has been considered before, " but the present
data may provide the first experimental evidence for the
importance of configuration interaction in DR processes.

Figures 11 and 12 show the data obtained with He-like
0 +. As for C +, the series associated with the 'S~'P
core excitation is dominating. Close to zero energy, a
very strong resonance is observed. This is due to n =10
of the 'S~'P excitation and possibly due to n =8 of the
S~'S excitation. The very sharp peak right at zero en-

ergy cannot be due to radiative recombination. It is too
large and narrow. According to the energy calcula-
tions, ' the P level lies below the 'S level, and conse-
quently, transition II is not possible for 0 +. The energy
difference between the 'S and P levels is 0.24 eV, and
therefore two distinguishable series ( S~ P and S—+'S)
should emerge. From the position of the observed Ryd-
berg series limit, it appears that the S~ P reaction is
the more dominant. The Rydberg series limit of the
S~'P excitation at 12.9 eV is also seen although it is

weaker than the other series. As reported earlier,
there may be effects of configuration interaction in the
0 + spectrum. This appears at about 2.5, 4.4, and 6.5
eV, where unusually large rates are observed. It may be
caused by CI between the n =7, 8, and 9 members of the
S~ 'P series with several (n} members of the S~ P

and S~'S series.

Thus, the effect of CI below the 'S and P series limit is
an increase in the cross section at energies where certain
energy levels match in energy. Above these series limits
CI will tend to decrease the cross section due to the open
Auger channel to the 'S and P core states.
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B. Li-like data obtain the rate coefficient for comparison with the data,
we calculated

In Fig. 13 is shown the DR spectrum obtained with
C +(Is 2s). The data exhibit a strong Rydberg series
that terminates at a relative energy of 8 eV which is the
2s~2p excitation energy. At lower energies, resonances
are observed which are due to capture to the n ~ 4 levels.
The data are compared with distorted-wave calcula-
tions.

The theoretical cross sections were integrated over
small energy bins to yield an energy averaged cross sec-
tion cr,

1/2

(Vcr ) = f cr(E) (E)dE

1/2

I

where the density dN/dE is given as

dX V=—J f (v)dQ,
dE m n

(19)

co+ hc/2

0

where hc is the energy-bin size of 0.0005 hartrees. To

with f(v) defined in Eq. (14). We used kT)=10 eV
and kT~ =0.135 eV.

The distorted-wave calculation was performed with
different electric fields in the interaction region. The

I
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FIG. 11. Dielectronic-recombination rate coefficient ( Ucr ) as a function of energy for 20-MeV O'+. To obtain a lower limit of the
rate coemcient, multiply the ordinate by 10 "cm'/s.
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electric field, perpendicular to the beam direction, is due
to the space-charge potential. The DR cross section is
sensitive to such static electric fields because it results in
a mixing between the different angular-momentum states
l of a given Rydberg state. The net effect is an increase in
the cross section because more l states contribute to the
DR process.

Evidently, experiment and theory are in agreement for
a field of about 3 V/cm. In order to estimate the actual
field in the merge region, we recorded the ion-beam
profile with the Faraday probe in the merge section. It
was found to be approximately Gaussian, with a width of
2mm (2o). The average electric field is then calculated to
be 1.8 V/cm.

Earlier measurements with C + (Ref. 6) indicated that
the theory underestimates the DR cross section involving
Rydberg states. The present data confirm that trend.

There seems to be a slight disagreement between
theory and experiment about the resonance positions for
the n =5, 6, and 7 resonances. These shifts are not un-

derstood. Apparently, the Rydberg peak is measured at
the expected position.

The low-energy part of the DR spectrum for C + is
shown in Fig. 14. The disagreement with theory of about
a factor of 2 for the n =4 resonances is not due to an in-
correctly assumed field because the 1s 2p41 intermediate
resonances is basically unaffected by the present external
field. The cross section, however, is very sensitive to the
energy of the levels employed in the calculation so close
to threshold. The discrepancy may also be due to the
neglect of the n =4 electron in the calculation of the
2s ~2p radiative transition.

The data obtained with the Li-like 0 + ions are
presented in Fig. 15. Here the Rydberg series limit is at
12 eV corresponding to the 2s~2p core-excitation ener-

gy in 0 +. The data are compared to the distorted-wave
calculation. The low-energy resonances (n =6—8) are in
good agreement with theory. At higher energies, the
theory seems to underestimate the DR cross section,
especially if the field is as low as 2 V/cm. If the ion beam
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