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Abstract. Electron Impact Single Detachment (EISD) of F− has been studied using the heavy ion storage
ring CRYRING at the Manne Siegbahn Laboratory, Stockholm, Sweden. F− ions stored in the ring were
merged with an electron beam in one of the ring sections. Neutral F atoms produced in the EISD process
were detected in the zero-degree direction using a surface barrier detector. The threshold for the detachment
process was found to be around 7.6 eV, thus more than twice the binding energy of F−. The cross-sections
increased smoothly up to 55 eV where it reached a maximum of 1.9 × 10−16 cm2. At higher energies a
slow decrease of the cross-section was observed, which follows the energy dependence predicted by the
Bethe-Born approximation. The experiment showed that CRYRING can be used favourably for studies of
anions, and several experiments are forthcoming.

PACS. 34.80.Dp Atomic excitation and ionization by electron impact – 32.10.Hq Ionization potentials,
electron affinities

1 Introduction

In negative ions, the normally dominant Coulomb inter-
action between each electron and the ionic core is sup-
pressed. The interelectronic interaction, and in particular,
the so-called electron correlation effect, then becomes rel-
atively more important. Under these conditions, the inde-
pendent particle model, which adequately describes neu-
tral and positively charged atomic systems, breaks down.
Experimental studies of anions can therefore serve as a
probe of the electron correlation effect, and hence be used
to test theoretical models in order to get a better under-
standing of atomic and molecular processes. Most of the
information on their structure has been obtained by study-
ing the photodetachment process, in which the outermost
electron is emitted due to the absorption of a photon.
Branscomb carried out the pioneering experiments in the
fifties, but it was in the seventies that Lineberger and co-
workers performed the first systematic study [1]. By using
neutral particle detection and electron spectroscopy, they
managed to determine the ground state configuration of
most atomic anions. More recently, the combination of
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photodetachment and resonance ionisation spectroscopy
has been shown to be a powerful tool for the study of
both bound and continuum states [2,3]. Electron impact
studies on anions, on the other hand, were carried out by
Tisone and Branscomb [4,5], Dance et al. [6] and by Peart
et al. [7]. Later on, after the storage ring technology came
into operation, a number of studies were performed by
Andersen and collaborators [8,9], using ASTRID located
at Aarhus University in Denmark. In this paper a study
of electron impact detachment of F− is presented.

Negative ions play important roles in many appli-
cations. Plasma properties are strongly dependent on
whether the negative charges are in the form of highly
mobile electrons or slowly moving anions. In order to cor-
rectly model a plasma, it is therefore important to know
the energy dependent cross-sections for the various colli-
sional processes, which involve anions. For plasma etching
in the semiconductor industry, halogens are often used
as active compounds [10,11], and a detailed knowledge
of detachment and attachment rates for these systems
are therefore of great importance. Detachment rates of
halogens are also important in excimer laser technology.
In such lasers, the lasing occurs in metastable excimer
molecules, such as NeF, KrF or XeF. These molecules are
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Fig. 1. The heavy ion storage ring CRYRING.

produced by the attachment of an isolated halogen atom
to an excited noble gas atom, such as Ar, Kr or Xe. An
isolated halogen atom in its negative charge state will not
be able to associate to the noble gas atom, and it is conse-
quently not able to participate in the lasing action. There-
fore, such lasers could be made more efficient if a reaction
scheme leading to a decreased anion production or an in-
creased detachment rate, could be achieved. Modelling of
such lasers hence requires accurate values of cross-sections
for the production and destruction pathways of halogen
anions [12].

In this paper we present the first study of negative
ions performed at the CRYRING facility at the Manne
Siegbahn Laboratory in Stockholm, where we have studied
Electron Impact Single Detachment (EISD) on the F− ion.
The paper is organised as follows: the general features of
the storage ring are introduced (Sect. 2) as well as the data
analysis procedure to extract the cross-sections (Sect. 3).
These cross-sections are then presented, discussed and put
in perspective with those reported by others (Sect. 4), and
a conclusion is given in Section 5.

2 Experiment

The experiment was performed at the heavy-ion storage
ring CRYRING (see Fig. 1). This ring was mainly de-
signed for storage of highly charged ions. Since the time
the ring was put into operation in the beginning of the
1990’s it has, however, also been shown to be a very pow-
erful tool also for studies of singly charged molecular ions.
With this experiment, we show that it can also be used to
study electron-anion collisions. A brief description of the
experimental facility will be given below. It is basically
the same set-up as has been used for studies of electron

impact of positive ions and detailed descriptions of the
apparatus can be found elsewhere [13].

F− ions were produced in a cesium sputter ion source
[14]. In this source, positive cesium ions are accelerated
towards a water-cooled solid cathode, from which cathode
material will be sputtered. The choice of the cathode ma-
terial is determined by the anion under production, and
in this experiment a mixture of CaF2 and silver powder
was used. The cesium in the source will, in addition to
being used for the sputtering, form a few monolayers on
the cathode. Atoms and molecules sputtered from the tar-
get will, with a rather high probability, capture an elec-
tron while passing through the cesium layer and hence be
emitted as negative ions. The ion current measured after
a magnet used for mass analysis was typically a few mi-
croamperes. This type of source can be used to produce
ion currents of the order of microamperes of most atomic
and many molecular ions, simply by selecting the proper
cathode material.

After extraction from the source at 40 keV, the F−
ions were injected into the ring and accelerated to the full
energy of 5.05 MeV. The maximum beam energy is lim-
ited by the magnetic rigidity of the ring. The detachment
lifetime for the ions, due to collisions with rest gas atoms
and molecules, was 17 s at injection energy and 6 s at
full energy. In the electron cooler section, the ion beam
was merged with a collinear electron beam. These elec-
trons have a velocity spread that can be described by an
anisotropic Maxwell-Boltzmann distribution

f(ve) =
me

2πkTe⊥
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Fig. 2. The electron cooler cathode voltage as a function of
time, as set for the scan between 20 and 173 eV in the centre-
of-mass frame.

where Te‖ and Te⊥ represent the longitudinal and trans-
verse temperatures, respectively, with kTe‖ ≈ 0.1 meV
and kTe⊥ ≈ 1 meV.

Each experimental cycle, with a length of 12 s, con-
sisted of five steps: injection, acceleration, cooling, mea-
surement and dumping of the beam. One second was used
for the injection and acceleration, and the cooling period
was set to 4.8 s. During the latter time the ions interacted
with velocity matched electrons. Collisions between the
ions and the electrons caused a reduction in the thermal
random motion of the ions, so called phase-space cooling.
At this stage the collision energies were not sufficient to
detach the extra electron from the F− ion. When the ions
had been cooled, the actual experiment started. This was
achieved by detuning the electron velocity, creating a col-
lision energy in the centre-of-mass-frame, Ecm, given by

Ecm =
(√

Ee −
√
Ecool

)2

. (2)

Ee is the average electron energy in the laboratory frame
and Ecool the cooling energy of the electrons. The lat-
ter energy is the energy of the electrons in the labora-
tory frame for which their velocity matches the velocity
of the ions in the ring. For F− at full energy, this is ap-
proximately 154 eV. In our experiment, collision energies
between 0 and 173 eV were investigated in two indepen-
dent scans. One long scan covered the energy range from
20 eV to 173 eV, and one with higher resolution was used
to investigate the threshold region between 0 and 20 eV.
Nevertheless, we restricted our data analysis to energies
up to 130 eV in the centre-of-mass frame. The scan of
the collision energy was achieved by changing the cathode
voltage in the electron cooler. Figure 2 shows how the elec-
tron energy was changed during the long scan. After the
cooling was completed, the cathode voltage was jumped
by 500 V (thus 654 V in total), which gives an electron
energy of 173 eV in the centre-of-mass frame. This voltage

was kept for 0.2 s in order to allow the electron beam to
stabilize. During the next two seconds, the cathode volt-
age was ramped down by 369 V to reach the lowest cath-
ode voltage of 285 V, thus giving a final centre-of-mass
energy of 20 eV. The cathode voltage was then, within
2 ms, scanned up to the cooling energy again, before the
ion beam was finally dumped and all settings of the ring
was returned to the values for a new injection.

The fast fluorine atoms coming from the EISD process
and from background gas collisions, were unaffected by the
ring magnetic field. They followed their original trajectory
and impinged on a energy-sensitive surface barrier detec-
tor (SBD), which was placed in the so-called zero-degree
arm, 3.5 meters downstream from the interaction region.
The signal from the detector was amplified and analyzed
using a discriminator circuit. Signals accepted by the dis-
criminator were then fed into a multichannel scaler (MCS)
that was triggered at the start of each new injection into
the ring. The MCS records the number of pulses versus
time. Thus, by a simple time to energy correlation, the
signal versus the centre-of-mass energy is obtained. The
destruction of the ion beam due to collisions with the rest
gas was monitored separately with a scintillation detector
placed in another section of the ring. This signal was then
recorded with another MCS.

3 Data analysis

An experimental problem arose from the fact that the sig-
nal from the surface barrier detector (SBD) saturated at
rather small beam currents, whereas the current measure-
ments, performed with a current transformer, required
an intense beam. As will be described in detail below,
this problem was solved by relating each of the signals,
recorded at different beam currents, to the signal from the
scintillator detector, a device with a very high dynamical
range.

The experimental Electron Impact Single Detachment
(EISD) rate coefficient 〈vdσ〉 for a given centre-of-mass
energy is given by [15,16]

〈vdσ〉 = RB
C

nel

NEISD

CScint
· (3)

In this expression, C is the circumference of the ring, l
the length of the electron cooler and ne the electron den-
sity. NEISD represents the number of counts from the EISD

process at a given centre- of-mass energy. This value is ob-
tained by subtracting the number of counts when the col-
lision energy was set to Ecool from the value obtain when
the collision energy was set to Ecm.

Simultaneously, another independent MCS spectrum,
labelled CScint, was recorded with the scintillation detec-
tor. The last parameter in equation (3), RB, is the destruc-
tion rate per ion and per time unit, and can be derived
from another MCS spectrum taken with the same scintil-
lation detector, but acquired at the same time as the ion
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current measurement Ii. This is given by

RB =
dCScint

dt
1
Ii
fe, (4)

where f represents the revolution frequency of the ions
(the so-called Schottky frequency) and e the elementary
charge. Typical values for the ion current at injection time,
the electron current (constant at any time) and the elec-
tron density at cooling energy were 350 nA, 3.56 mA and
2× 107 cm−3, respectively. The measured rate coefficient
〈vdσ〉 is then related to the cross-section by

〈vdσ〉 =
∫
f(vd, v)σ(v)v d3v, (5)

where f(vd, v) is the electron velocity distribution (see
Eq. (1)) around the averaged centre-of-mass velocity vd.

Two corrections [13] have to be performed. First, the
centre-of-mass energy had to be corrected for the space
charge of the electron beam. Second, due to the geome-
try of the electron cooler, the ions did not only interact
with electrons on a straight section, but also in the curved
regions where the relative velocity is different. As a re-
sult, the number of counts, recorded by the detector at a
given energy, also came from reactions that occur at some-
what larger centre-of-mass energies, resulting in a distor-
tion of the true signal. An iterative procedure was used
for this correction, as described by Lampert et al. [17].
This was essential in order to define the correct thresh-
old for the EISD process found at 7.6 eV whereas the
uncorrected one appeared at the somewhat lower energy
of 6 eV. Moreover, the cross-sections at their maximum
were shifted downwards by about a factor of three after
that toroidal correction.

4 Results and discussion

Figure 3a in full squares represents our new measurement
of the cross-section for the Electron Impact Single Detach-
ment of F− from threshold up to 130 eV, i.e. the process

F−(1s22s22p6 1S0) + e− → F(1s22s22p5 2P3/2) + 2e−.

The horizontal axis shows the centre-of-mass energy with
an energy resolution ranging from 80 meV at 7.6 eV
(threshold location) to 325 meV at the maximal investi-
gated energy of 130 eV, and the error bars along the verti-
cal axis represent only the statistical uncertainties on our
cross-sections. These are given by

√
S + 2B/S since we

extract our signal S from a rest gas collision induced back-
ground B, by the straightforward subtraction (S+B)−B.
The graph does not include the 16% systematic uncer-
tainties, that we estimate to be at a one sigma level, in
order to show the overall shape of our measured cross-
sections. These systematic uncertainties are divided as
follows: 10% on the ion current measurement, 1% on the
circumference of the ring, 10% on the length of the inter-
action region, 2% on the electron current, 7% on the elec-
tron current distribution, every contribution being added

Fig. 3. (a) Our absolute EISD cross-sections 〈vdσ〉/vd from
threshold up to 130 eV (in full squares and with statistical
error bars only – see text) together with those by Peart et al.
[19] (in open squares with the same type of error bars). (b)
The same cross-sections around threshold in full squares as
they compare in full line to the classical model by Andersen
et al. [8,20].

quadratically. The straightness of the magnetic field de-
fines the length of the interaction region. The uncertainty
on the field measurements to define that region was found
to be 10%; consequently, we believe that the same value
shall be considered on the length of the interaction re-
gion. The 7% uncertainty on the electron current distribu-
tion comes from a computation of the electron trajectories
within the gun. Therefore, our whole cross-section curve
in Figure 3a could be shifted up or down by 16%, within
the uncertainty. That curve displays the typical trend for
such a detachment process: the cross-section rises from
zero at the threshold Eth to a maximum value and then
decreases monotonically as (1/E)ln(E), according to the
Bethe-Born formalism [18]. The location of the thresh-
old and the magnitude on top of the cross-sections bring
some interesting insights to the detachment mechanism.
For comparison, the results reported by Peart et al. [19]
are shown as open squares, and once again, only the sta-
tistical uncertainties are displayed. One would have to ac-
count for an extra 7% to include their systematic errors.
The overall shape of the cross-section curves is similar, but
ours is about 30% lower; this is not serious disagreement
however, since both sets of data match within the total
uncertainties (statistical plus systematic).

A simple classical model, in which it is assumed
that the incoming electron experiences a purely repul-
sive Coulomb potential, has been developed and used by
Andersen et al. [8,20]. This model has previously been
used to correctly predict the cross-section behaviour near
the threshold, despite the fact that detachment through
tunneling is neglected. This model is shown in full line in
Figure 3b together with our near threshold data in full
squares.
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Near the threshold the cross-section, as a function of
the energy of the projectile E, can be expressed as

σ = pπR2

(
1− Eth

E

)
, (6)

where p is a scaling factor which describes the probabil-
ity for the detachment process to occur within a certain
reaction radius R. This parameter R is directly related to
the threshold Eth, as well as to the spatial extension of
the valence electrons a, according to the formula

R =
1
Eth

=
(
EB

a

)−1/2

(7)

where the R and a parameters on one hand, the Eth

and EB energies on another hand, have to be expressed
in atomic units, namely in Bohrs and Hartrees, respec-
tively. When we fitted equation (6) to our near threshold
cross-sections, we obtained a scaling probability p = 0.70
and a reaction radius R = 3.6a0. Consequently, the ap-
parent threshold and spatial extension a are found to be
Eth = 0.28 Hartree = 7.6 eV and 1.6a0, respectively. This
latter parameter is consistent with the classical radius of
the F− anion of 2.2a0. We are aware that the statistical
uncertainties are larger around the threshold due to the
low count rate, but we are confident within less than 2%
with the parameters extracted from the model used above.

Secondly, we investigated the magnitude of the EISD
cross-sections at the peak of the cross-section using a rela-
tion derived by Smirnov (1968) for electron impact cross-
sections, in the framework of Thomson’s classical theory
[21]. This formula is used to relate the magnitude of the
EISD cross-sections of two atomic anions σA1 and σA2, and
this is expected to yield results within an order of magni-
tude of the correct value. With EB A1,A2 and nA1,A2 being
the binding energies and the effective numbers of active
electrons in the outer shells of the two anions, this formula
can be expressed as

σA1

σA2
=
nA1

nA2

(
EB A2

EB A1

)2

. (8)

This tells us that the largest binding energy of the an-
ion, and hence the smallest spatial extension a, will give
the smallest EISD cross-section. We now use equation (8)
to estimate the maximum EISD for F−. Andersen et al.
[20,22] have measured the absolute cross-sections for D−,
which gave a maximum value of 3 × 10−15 cm2. Using
equation (8) to relate the cross-section of D− (nD− = 2)
and F−, we obtain a ratio of 0.14, if we assume that only
the six 2p-electrons are active in F−. The Thomson’s for-
mula then gives a maximum cross-sections for F− of about
4.3 × 10−16 cm2, which is a bit more than twice our ex-
perimental result.

A careful study of our experimental data does not re-
veal any structure apart from the major trends, i.e. an in-
crease up to 55 eV followed by a slow decrease at higher en-
ergies. The lack of structure is interesting from two points
of view.

First, this means that we cannot see any indication
of the prediction by Ormonde [23], who found from his
calculations that long-lived 1D and 1P shape resonances
lying above F(2p5 2P3/2) could give rise to near-threshold
cross-sections as large as 2−3 × 10−15 cm2. We cannot
exclude the existence of such resonance with a width of
only 2 meV, since our experimental resolution was about
80 meV around threshold. Such very narrow resonance
could have been hidden in the noise. Moreover, there is
another resonance which might have been observed in
the energy range under study and which could have re-
sulted from the 2p4(1D)3s2 1D doubly excited state lo-
cated 14.85 eV above the 2p6 1S0 ground state of the an-
ion [24]. We do not see any evidence for it, and the reason
shall be the same than for the shape resonances discussed
above, namely the lack of energy resolution.

Second, short-lived atomic dianions would reveal
themselves as structures in the EIDS cross-sections.
Walton, Peart and Dolder claimed observations of such
resonances in earlier measurements on H− [25–27] and O−
[28], although nobody else has reported similar observa-
tions since. It is important to point out that the situation
in F− is somewhat different from H− or O−. The F anion
is a closed p-shell (2p6) whereas H− and O− are a closed
s-shell (2s2) and an open p-shell (2p5), respectively. One
would be tempted to believe that it is more difficult to
attach an extra electron when the target anion has a no-
ble gas structure. The question of doubly charge negative
ions is, however, not closed since Bylicki and Nicolaides
[29] and independently Sommerfeld et al. [30] have re-
cently performed calculations which claim the evidence
for a resonance state of H2−, whereas Robicheaux claimed
the opposite [31].

We will finally attempt to discuss how the EISD pro-
cess might occur in a strongly bound anion such as F−,
for which a low dipole polarisability α results from the
large binding energy. Indeed, for the F− anion, α is equal
to 14.5 au [32], as compared with 430.5 au for B−. In
the “sudden” approximation that was demonstrated to be
valid for B−, the “shake-off” parameter S gives the de-
tachment probability as

S =
(
IDD

ISD

)(
σDD

σSD

)
, (9)

where IDD,SD (here 20.8 eV and 3.4 eV) and σDD,SD repre-
sent the ionisation potentials and maximum cross-sections
for the double and single detachment, respectively. The
cross-sections for the Electron Impact Double Detachment
on F− are taken from the work by Steidl [33], and com-
bined with those of the present work. Using equation (9),
one would find for the shake off parameter of F−, a value
of 90% that is in the same order than that was found for
B− by Andersen et al. [34]. This is surprising, bearing in
mind the large difference in their electron affinities and
dipole polarisabilities. This could mean that the “sudden
approximation” is not valid for F−.
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5 Conclusion

In this paper we have presented the first experiment on
negative ions using the heavy ion storage ring CRYRING
at the Manne Siegbahn Laboratory in Stockholm, Sweden.
Our results on Electron Impact Single Detachment (EISD)
on F− shows that CRYRING can be used favourably for
studies of these ions. In our experiment, the photodetach-
ment threshold was found at around 7.6 eV, more than
twice the electron affinity of F. This is a common feature
to all of the atomic anions studied so far. The cross-section
increases monotonically up to a value of 1.9× 10−16 cm2,
which is about half the value given by the Thomson’s
scaling model, and then decreases with increasing energy,
according to the Bethe-Born formalism. Our data agree
within the uncertainties with the previous experimental
work by Peart et al. [19] who used a crossed beam set-up.
The positive results of this work will be continued with
studies of several atomic as well as molecular negative
ions.
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