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The electron–ion recombination for phosphorus-like 112Sn35+ has been measured at the main cooler storage ring
of the Heavy Ion Research Facility in Lanzhou, China, employing an electron–ion merged-beams technique. The abso-
lute total recombination rate coefficients for electron–ion collision energies from 0 eV–14 eV are presented. Theoretical
calculations of recombination rate coefficients were performed using the Flexible Atomic Code to compare with the exper-
imental results. The contributions of dielectronic recombination and trielectronic recombination on the experimental rate
coefficients have been identified with the help of the theoretical calculation. The present results show that the trielectronic
recombination has a substantial contribution to the measured electron–ion recombination spectrum of 112Sn35+. Although
a reasonable agreement is found between the experimental and theoretical results the precise calculation of the electron–ion
recombination rate coefficients for M-shell ions is still challengeable for the current theory.
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1. Introduction

When a free electron collides with an ion, the ion may
capture the free electron through a non-resonant photon emis-
sion process called radiative recombination (RR), or through
the resonant processes called dielectronic recombination (DR)
where the ion is simultaneously excited. For the DR process,
a single electron of the ion is excited and the recombined ion
becomes doubly excited, then it stabilizes through radiative
decays later. The DR process is commonly considered as an
inverse Auger process. DR is the dominant electron–ion re-
combination process in many plasmas, thus it is of consider-

able importance for understanding the basic atomic collision

phenomena.[1–3] The dielectronic recombination also plays a

crucial role for accurate plasma modeling and spectral analy-

sis in astrophysics depending on its strong impact on the level

populations and the ionization balance of plasma.[4,5] In the

DR process, to form a doubly excited intermediate state, the

sum of the binding energy of the recombined state and the ki-

netic energy of the incident electron must match the excitation

energy of the inner shell electron of the ion. Thus accurate

measurements of DR resonances can be applied to probe the

many-body, relativistic, and quantum electrodynamics (QED)
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effects and can offer critical examinations among state-of-the-
art atomic structure theories.[6,7] On the other hand, it also
can be seen from the previous electron–ion recombination ex-
periments that the theoretical calculations still have problems
in reconstructing the experimental results for open M-shell
ions.[8,9] Therefore, the experimental measurements for multi-
electron ions are of importance for further theoretical improve-
ment.

It should be noted that for the higher order resonant
capture of a free electron, two bound electrons can be si-
multaneously excited, leading to trielectronic recombination
(TR).[10,11] Recent investigations revealed that TR is compa-
rable or even overwhelms the first-order DR process for some
ionic species in light elements, and then becomes the dominate
ion-electron recombination channel.[12] However, the trielec-
tronic recombination of the electron–ion collision experiment
has been investigated mostly on the Be-like ion, and the clear
identification of the TR contribution has not been observed on
the complex highly charged ions yet, to the best of our knowl-
edge.

Over recent decades, the field of recombination of highly
charged ions with free electrons has reached an unforeseen
level. Electron–ion recombination experiments employing the
merged-beam technique at heavy-ion storage rings equipped
with electron coolers are developed at several places, in-
cluding TSR at MPIK in Heidelberg,[13] the ESR at GSI
in Darmstadt,[14] Germany, the CRYRING in Stockholm,[15]

Sweden, and also the main cooler storage ring (CSRm) of
the Heavy Ion Research Facility in Lanzhou (HIRFL) at the
Institute of Modern Physics (IMP),[16] China. These experi-
ments are particularly sensitive to the resonance energies and
widths in the near zero relative energy region,[6,17] therefore,
have a potential for high-resolution spectroscopy of the multi-
excited states.[18–20] It is important to note that, the electron–
ion recombination experiments on highly charged ions have
also been performed at electron beam ion traps (EBIT);[21,22]

details of the DR experiments at EBIT can be found in the
literature.[23–25]

Here, we present absolute rate coefficients for electron–
ion recombination of P-like tin measured at the main cooler
storage ring CSRm and calculated using the FAC code. The
relevant channels for DR of the 112Sn35+ ion are:

e−+Sn35+(3s23p3[4S0
3/2

])
→


Sn34+(3s23p3nl

)
,

Sn34+(3s3p4nl
)
,

Sn34+(3s23p23dnl
)
,

Sn34+(3s3p33dnl
)
,

(1)

and the channels for TR of the 112Sn35+ ion are:
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3/2

])
→



Sn34+(3s23p3nl
)
,

Sn34+(3s3p4nl
)
,

Sn34+(3s23p23dnl
)
,

Sn34+(3p5nl
)
,

Sn34+(3s3p33dnl
)
,

Sn34+(3s23p3d2nl
)
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)
,
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)
.

(2)

Since the 112Sn35+ ion has a complex electron struc-
ture and a considerably heavy nucleus, the present experi-
mental result serves a valuable examination to the theoretical
calculations of the relativistic many-body perturbation theory
(RMBPT) and radiative QED theory. Here, we report the first
measurement of the electron–ion recombination spectrum of
the 112Sn35+ ion. The paper is structured as follows. The ex-
perimental setup and the measuring procedure are described in
Section 2. In Section 3, we briefly explain the theoretical cal-
culation using the FAC code. In Section 4, the data analysis is
discussed, and then the experimental results are presented and
compared with the theoretical calculation. A brief summary is
given in Section 5.

2. Experimental method
This experiment was performed at the CSRm at the In-

stitute of Modern Physics (IMP) in Lanzhou, China. A de-
tailed description of the experimental setup and method for
DR experiments at the CSRm has already been given in
the literature.[16,26] Here, we will only briefly describe the
electron–ion recombination experiment with P-like 112Sn35+

at the CSRm. The 112Sn35+ ions were produced by an elec-
tron cyclotron resonant ion source and accelerated by a sec-
tor focused cyclotron to an energy of 3.7 MeV/u. The ion
beam was then injected into the CSRm for recombination ex-
periments. The current of ion beam in the storage ring was
enhanced by multiturn injection and e-cool stacking, then the
typical beam current of 50 µA–60 µA was achieved corre-
sponding to about 6×107 ions stored in the ring. The ion beam
was cooled in phase space by a 3-kV e-cooler to optimize its
quality through merging it with a velocity matched electron
beam over an effective interaction length of 4 m, then the rela-
tive momentum spread can be reduced to about 2×10−4.[27] In
addition, the electron beam used for cooling the ion beams was
also employed as the electron–target for recombination exper-
iments. The recombined ions in the e-cooler changed their
charge states and were separated from the initial ion beam by
the first dipole magnet downstream from the e-cooler, finally
they were detected by the movable scintillator particle detector
(YAP:Ce + PMT) with a 100% detection efficiency.[28]
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In the experiment, after each multiturn injection, the ion
beam was cooled for about 2 s before data acquisition to en-
sure the ion beam quality. During the measurement, a time
cycle of a 10-ms detuning with the electron beam energy de-
viating from the Ec followed by a 190-ms electron-cooling to
maintain the ion beam quality was applied. The relative en-
ergy scan is accomplished by changing the cathode voltage of
the electron cooler in the 10-ms detuning period. Considering
the lifetime of the ion beam, the time-length of the injection
period and the statistical uncertainties of the counts, a measur-
ing time of 35 s for each detuning voltage is chosen along with
a voltage step of 1 V.

The counts of recombined 112Sn34+ ions recorded by the
detector can be transferred into the total recombination rate
coefficient α according to the following formula:

α =
Rγ2

i
Nine(1−βiβe)L/C

, (3)

where R is the counting rate of recombined ions, and Ni is the
number of stored ions. ne is the density of electron beam, and
L = 4.00 m is the length of interaction zone and C = 161.00 m
is the circumference of the CSRm.

The relative collision energy between electrons and ions
in the center-of-mass (c.m.) frame can be written as:

Eres =
√

m2
ec4 +m2

i c4 +2memiγeγic4(1−βeβi cosθ)

− mec2−mic2, (4)

where me and mi are the rest masses of the electron and the
ion, γe and γi are the corresponding Lorentz factors. βe and
βi denote the ratios of velocities of electrons and ions to the
speed of light c, respectively. To vary the relative collision en-
ergy, the energy of electron beam was changed by the detuning
system from the velocity matched energy Ec.[29] The electron
energy is also influenced by the space-charge potential, which
is defined as[30]

Usp = (1−ξ )× Ieremec2

eve

[
1+2× ln

(b
a

)
−
( r

a

)2
]
, (5)

where ξ is a factor describing the influence of ion beam that
decreases the space-charge potential. Due to the current of ion
beam being several orders of magnitude lower than that of the
electron beam, the factor ξ is quite small and roughly deter-
mined as 0.07, and the error introduced by this approximation
is negligible. Ie is the electron beam current which typically
equals 0.135 A during the experiment. The parameter re is the
classical electron radius, and r is the distance from the axis of
the electron beam, which is approximately taken as the axis of
the cooler tube. The parameter ve is the velocity of the elec-
tron beam. The term a is the radius of the electron beam in the
e-cooler which is magnetically confined to 29.5 mm, and the
term b is the radius of the cooler tube, i.e., 10 cm.

3. Theoretical method

The Flexible Atomic Code (FAC)[31] was employed to
calculate the cross-sections of the transitions in the energy
region of 0 eV–14 eV for electron–ion recombination of
112Sn35+. The calculations for ∆N = 0 core excitations
were carried out in intermediate coupling using a configura-
tion interaction expansion for the 112Sn35+ 15-electron tar-
get involving an Ne-like core and valence configurations of
3s23p3, 3s3p4, 3s23p23d, 3p5, 3s3p33d, 3s23p3d2, 3p43d,
and 3s3p23d2 to which continuum and Rydberg electron or-
bitals were coupled. Since there are more than 2000 transitions
in the energy region of 0 eV–14 eV, the merged-beam experi-
ment cannot resolve the final states and all of the results that
we presented are the total recombination cross section, i.e.,
sum over all final states that stabilize through photon emission
against autoionization or field ionization in CSRm before they
are detected.

The cross section, as a function of the c.m. energy E, from
an initial state i via a doubly excited state d with a small natural
width compared with E can be represented in a good approxi-
mation by[32,33]

σd(E) = SdLd(E), (6)

where Ld(E) is the Lorentzian line profile normalized to∫
Ld(E)dE = 1. Sd is the resonance strength written as

Sd =
gd

2gi

π2h̄3

meEd

Aa(d→ i)∑ f Ar(d→ f )

∑k Aa(d→ k)+∑ f Ar(d→ f )
, (7)

where Ed is the resonance energy, and gi and gd are the sta-
tistical weights of the initial and intermediate state. Aa(d→ i)
and Ar(d → f ) are autoionization and radiative rates, respec-
tively. In the sums, k denotes all states which are attainable
by autoionization of the doubly excited states d, and f runs
over all radiative finial states below the first ionization thresh-
old. The autoionization and radiative widths are given by
Γ a

d = h̄∑i Aa(d→ i) and Γ r
d = h̄∑ f Ar(d→ f ), respectively.

The total DR cross section can be obtained by summing over
all doubly excited states contributing at E,

σ(E) = ∑
d

σd(E). (8)

The DR rate coefficient is related to the cross section by

α(v0) =
∫

σ(v)v f (v0,𝑣)d3v, (9)

where f (v0,𝑣) is the distribution of the electron velocity 𝑣 rel-
ative to the ions around the average longitudinal c.m. velocity
v0 corresponding to the energy detuning E0. For the cooled ion
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beams, the velocity distribution function can be described by
a flattened Maxwellian[34] with different temperatures T‖ and
T⊥ in the longitudinal and transverse direction:

f (v0,𝑣) =

(
me

2πkT‖

)1/2
exp

[
−

me(v‖− v0)
2

2kT‖

]

· me

2πkT⊥
exp
(
−

mev2
⊥

2kT⊥

)
, (10)

where k denotes the Boltzmann constant, and v‖ and v⊥ rep-
resent the longitudinal and transverse components of v. Fi-
nally, the rate coefficient for a single DR resonance from
the intermediate doubly excited state d can be calculated
analytically[35]

αd(v0) =
Sdvd

meσ2
⊥ζ

exp
(
−

v2
d− v2

0ζ−2

σ2
⊥

)
·
[

erf
(

v0 + vdζ 2

σ‖ζ

)
− erf

(
v0− vdζ 2

σ‖ζ

)]
, (11)

here vd denotes the relative velocity corresponding to the res-
onance energy Ed , and σ‖,⊥ = (2KBT‖,⊥/me)

1/2, ζ = (1−
T‖/T⊥)1/2. The estimated accuracy of the resonances energy
are about 1 eV, and the relative error of cross-sections are
about 20%.

4. Results and discussion
The present experimental rate coefficients are plotted in

Fig. 1 along with the theoretical rate coefficients obtained
from the calculated resonance strengths convoluted with the
electron beam velocity distribution. The electron beam tem-
peratures were determined as KBT⊥ = 40 meV and KBT‖ =
0.8 meV in the previous experiment.[16] The DR transitions
of the ground state 3s2 3p3[2D3/2,

2 D5/2,
2 P1/2,

2 P3/2] are also
labeled in Fig. 1 (2P3/2 series are out of the present energy
region) based on the Rydberg formula:

En = E∞−R
(q

n

)2
, (12)

where En is the transition energy while n represents the prin-
cipal quantum number of the bound orbit of the recombined
electron. E∞ is the ionized energy of the core electron. R is the
Rydberg constant and q is the charge number of the ion.

Considering the high accumulated count of each point,
the statistical error remains below 1% for the raw spectrum.
The uncertainty of the ion beam current, monitored by a DC
beam-current transformer, is about 3%–5% according to its
unclarified background. The uncertainty of the electron beam
current is about 1% and the one from the corrections for the
merging and demerging of the beams is also about 1%. It
should be noted that, uncertainties introduced by some fac-
tors such as the vacuum are hard to be quantified, thus the

measurement of the reference rate coefficients α0 is applied
during the experiment to estimate the influences of these fac-
tors. α0 here is the total recombination rate coefficients at
zero relative energy, which is actually dominated by the RR
rate coefficients. Due to that the RR rate coefficients decrease
dramatically when the collision energy deviates from zero, α0

is very sensitive to the variation of the experiment conditions.
During the experiment, α0 was measured at the cooling phases
just before the detuning start for each voltage point. Accord-
ing to the variation of α0 measured though the experiment pe-
riod, a 5% error is taken into account, and the overall accuracy
of the electron recombination rate coefficient is given as 8%
safely without considering the contributions of subtracting the
RR rate coefficient and background. When they are taken into
account, an error of about 15% more should be added.
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Fig. 1. (color online) Comparison of the presently measured absolute re-
combination rate coefficients of 112Sn35+ ions in 0 eV–14 eV with the cal-
culation by an FAC code. The blue dots are the experimental results (the RR
rate and constant background have been subtracted). The shaded area rep-
resents the calculated total recombination rate coefficients for DR and TR.
The red solid line is the contributions of DR channels while the purple solid
line is the TR part of the calculated result. The calculated rate coefficients
are shifted for about 0.77 eV towards lower energy region for comparison.

The uncertainty of the energy scale in the electron–ion
c.m. frame is a bit more complex. During the experiment, we
varied the electron energy to find the cooling energy Ec where
the velocity of electrons matches that of the ions. Thus the
cooling condition is determined experimentally and the differ-
ence between the preset value of the ion energy and the real ion
energy do not contribute to the collision energy uncertainty.
One source of the uncertainty is due to the discrepancy of the
actual cathode voltage to the preset voltage value. According
to the claimed precision of the power supply, this contribution
is estimated as 0.8% over the entire c.m. energy range. The
space-charge potential correction also offered a relative cor-
rection of about 5% to the final relative energy, so it may intro-
duce the uncertainty. A beam alignment of θ = 0± 0.8 mrad
is routinely achieved, which introduced a 0.15% influence to
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the collision energy. All factors discussed so far give a 1% rel-
ative uncertainty to the relative energy, and there still remains
an error of 15 meV according to the calibration of the zero
c.m. energy point.

It should be noted that the 112Sn35+ resonance spectrum
is very rich and there are many satellite lines involved in the
spectrum for each n. Therefore, the individual assignments
of the recombination spectrum are essentially impossible for
this open M-shell ion. Nevertheless, we can still identify that
the 3s 3p4 and 3s2 3p2 3d series are the strongest ones, and the
3s 3p3 3d series is influential in some region. Comparing the
experimental rate coefficients with the shifted theoretical re-
sults, a reasonable agreement was found between them. The
calculation misses some peaks in the region lower than 0.5 eV
in Fig. 1 resulting from the energy shift for the calculated spec-
trum. Furthermore, the calculated one in this region is about 3
times of the experimental one, which can be due to the well-
known difficulty of calculating DR resonance positions at low
energies. In 0.5 eV–2 eV, the theory gives two peaks which
is similar with the experimental observation but with lower
strength. In the energy range of 2 eV–5 eV both experiment
and theory have three peaks while their positions and strengths
are different. In the energy range of 5 eV–7.5 eV, the experi-
ment shows one big peak while the theory give three. It seems
that the theory misses some transitions or underestimates the
strengths of some transitions. In the range of 9 eV–10.5 eV,
theory reproduces the experimental observation well. The the-
oretical calculations in 11 eV–13 eV are a bit lower than the ex-
perimental ones. The aforementioned differences between the
experimental and the theoretical rate coefficients are mainly
caused by the limited accuracy of the theoretical calculation,
especially for the open-M ions like 112Sn35+ and Fe11+.[9] The
contributions of the DR and the TR processes are recognized
from the calculated results. It can be seen from Fig. 1, the
DR process still dominates in the whole energy region while
TR channels play important roles in some regions, which in-
dicates that the TR process can also be the important path of
ion–electron recombination for multi-electron highly charged
ions.

5. Summary and conclusion
The electron–ion recombination rate coefficients of

Phosphorus-like 112Sn35+ over the collision energy range of
0 eV–14 eV were measured at the heavy ion storage ring
CSRm with an electron–ion merged-beams technique. Theo-
retical calculations using the Flexible Atomic Code were per-
formed to compare with the experimental results. From the
calculated electron–ion recombination rate coefficients, the
TR contribution has been identified for the first time of the

complex highly charged ions, to the best of our knowledge.
It is found that TR has a substantial contribution to the mea-
sured electron–ion recombination spectrum, while DR is still
the dominate process. A reasonable agreement between the
experimental and theoretical results is found over the entire
electron–ion collision energy region. The discrepancies can
be mainly attributed to the limited accuracy of the theoretical
calculation, therefore, further efforts are greatly recommended
both experimentally and theoretically to investigate the precise
spectroscopy of electron–ion recombination for open M-shell
ions.
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