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a b s t r a c t
We have revisited previously published data involving collisions of mixed 4 MeV B3þ ð1s2 1 S; 1s2s 3 SÞ with
H2 targets (Benis et al., 2002) in search of evidence for the non-statistical production of the 1s2s2p 4 P
long-lived metastable state by single electron capture. Using our recently published method for the
accurate determination of the effective solid angle of Auger decaying metastable projectile states in
combination with knowledge of the 1s2s 3 S metastable beam fraction allowed us to determine the ratio
R ¼ 4 P=2 P of 1s2s2p quartet to doublet production cross sections both formed by electron capture. Our
present determination of R ¼ 2:8  0:5, clearly departs from the expected value of R ¼ 2 based on
statistical spin recoupling arguments and thus provides evidence for the active presence of additional
population mechanisms in a new collision system.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
Zero-degree Auger Projectile Spectroscopy (ZAPS) is a high
resolution electron spectroscopy technique that has made considerable progress in obtaining state-selective information about
collision dynamics of multiply excited atomic states over the last
few decades [1,2]. A recent topic of interest is the determination
of the ratio R ¼ 4 P=2 P of 1s2s2p 4 P to 2 P states formed by single
electron capture to the 1s2s 3 S long lived component of
(1s2 1 S; 1s2s 3 S) He-like ion beams in collisions with gas targets.
Recent determinations of R for carbon [3,4] and fluorine [5–7],
have reported large departures from the expected statistical value
of R ¼ 2, [8,9] in the process providing interesting explanations as
to the possible mechanisms involved such as the dynamic Pauli
exchange mechanism [5] and the selective cascade feeding from
higher lying states [6,3,7,4].
The reported experimental measurements involve the use of
pre-excited 1s2s 3 S metastable beams, naturally found in the
typically mixed state (1s2 1 S; 1s2s 3 S) He-like beams produced in
the accelerator and the production of the metastable 1s2s2p 4 P

⇑ Corresponding author.
http://dx.doi.org/10.1016/j.nimb.2015.10.010
0168-583X/Ó 2015 Elsevier B.V. All rights reserved.

whose population must be compared to the population of the
prompt 1s2s2p 2 P states. Consequently, any determination of the
ratio R has to pay careful attention both to the correct evaluation
of the fraction of He-like ions in the metastable 1s2s 3 S state as well
as to the accurate determination of the effective detection solid
angle of the measured Auger yield of the long lived 1s2s2p 4 P
projectile state. Recently, we published [10] a new Monte Carlo
type approach (within the SIMION 8.1 [11] charged particle optics
simulation environment) to treat the problem of the accurate
determination of the effective solid angle of the long-lived 4 P state
in high resolution Auger electron spectroscopy measurements
using a hemispherical deflector analyzer (HDA) with injection lens
and position sensitive detector (PSD) [12–15]. Using our newly
developed Monte Carlo technique [10] and relying on our older
method for accurately determining the metastable ion beam content [16–18], we revisited previously published data involving
the collision of 4 MeV B3þ ð1s2 1 S; 1s2s 3 SÞ with H2 targets and
extracted the ratio of interest R.

2. The experimental setup and measuring method
Details on the experimental setup and the measuring process
can be found in [18]. Currently, this particular experimental setup
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is located in the Tandem Accelerator Laboratory of NCSR Demokritos
in Athens, and is fully operational [19]. In short, in ZAPS, the
energetic ion beam passes through a differentially pumped gas cell
where collisions take place populating the projectile states. The
resulting Auger electrons emitted at zero-degrees with respect to
the ion beam are focused/decelerated by the entry lens of the spectrometer and then energy analyzed by the HDA to be recorded on
the PSD. For this study the fast B3+ He-like beam collides with the
H2 gas targets populating, amongst others, the 1s2s2p Li-like ionic
states.
The mechanisms involved depend on the initial state of ionic
beam. Indeed, the fast B3+ beam is delivered by the Tandem
accelerator either in: (i) an almost pure ground state 1s2 1 S after
gas stripping inside the Tandem tank [16] or (ii) a mixed
(1s2 1 S; 1s2s 3 S) state after post-stripping the B2+ beam delivered
by the Tandem in thin carbon foils. Carrying out the experiments
by utilizing both beams is an effective way towards quantitatively
separating the processes that correspond to the metastable 1s2s 3 S
part of the beam. Indeed, the measured electron spectra from the
ground state beam can in principle be subtracted from the mixed
state beam, after appropriately accounting for the fractions of the
beam content, resulting in a spectrum corresponding only to
the metastable part of the mixed beam. Essential details on this
double measurement technique including the necessary cross
section calculations of the metastable fraction determination of
the beam are given in [18]. We only need to comment here that
the ion beam can be delivered also in the B3þ ð1s2s 1 SÞ state,
however, the contribution is small, well within the statistical
uncertainties, and thus can be safely neglected [18].
In addition, as mentioned earlier, the spectra of interest include
the long-lived metastable 4 P states which Auger decay along the
ion path to and through the spectrometer. Therefore a correction
of the solid angle must account for the decay time of the state s,
as well as the variation of the solid angle along the ion path to
and through the spectrometer. We recently published a study
based on a Monte Carlo type approach utilizing the SIMION 8.1
software for treating the problem of the accurate determination
of the resulting effective solid angle. The input lens of our HDA does
not allow for a straightforward geometrical estimation of the solid
angle as previously performed on the two-stage parallel plate spectrometers used in the past [20,21,1,5]. The detailed mathematical
and computational description, which can be found in [10], results
in a decay-time dependent correction factor which can be symbolized as Gs ¼ DXeff =DX.
In ZAPS the double differential cross section derivation from the
raw experimental data is obtained by the well known experimental
formula given by Eq. 1, applied in most of the detecting systems
using analyzers [22]:
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while for a prompt state, i.e. a state that decays entirely inside the
gas cell,


DDCSprompt ¼

1
1f
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ð3Þ

where f ¼ N 1s2s 3 S =ðN1s2s 3 S þ N 1s2s 1 S þ N 1s2 1 S Þ is the metastable ion
beam fraction.

3. Results and discussion
The dominant processes involved in collisions of energetic
B3þ ð1s2 1 S; 1s2s 3 SÞ beams with H2 targets are illustrated in Fig. 1.
As shown, all the doublet states can be populated from the ground
state via the processes of Resontant Transfer Excitation (RTE) and
Non-resonant Transfer Excitation (NTE) [23]. However, these contributions, although vital to the determination of the beam content, can be safely excluded from the final ground state-free
spectra. Similarly, the contributions from the 1s2s 1 S state can be
neglected due to the very small fraction of the beam that survives
to the target, as explained earlier. Thus, finally only the 1s2s 3 S contributes to the population of the doubly excited states through the
processes of NTE and single electron transfer (T), with the last one
also referred to as capture. Moreover, it is documented in the literature that the NTE process is negligible compared to T when using
H2 targets for ion beam energies of 0.5–1 MeV/amu which are of
use in our experiments [24]. Thus, the population of the 4 P and
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where N ei is the number of the recorded electrons in the i-th
detection channel on the PSD, NI the number of ions collected
during the measurement, L is the length of the gas cell, n the
target gas density (molecules/cm3), DX is the solid angle defined
by the mid-distance of the gas cell to the entry aperture of the
spectrometer input lens, Dei is the energy resolution per channel,
T is the transmission of the spectrograph and gi is the detection
efficiency per channel of the PSD. According to the above when
this formula involves mixed state ion beams as well as
metastable Auger decaying states, as in our case, then it has to
be corrected both for the ion beam content (term N I ), as well
as for the effective solid angle (term DX). Then the correct
formula for a metastable Auger state can be expressed as

Fig. 1. Energy level diagram showing the dominant mechanisms for the production
0
of the 1s2l2l ð2Sþ1Þ L doubly excited states formed in collisions of B3þ ð1s2 1 S; 1s2s 3 SÞ
beams with H2 targets. Also shown are contributions from possible 1s2s 1 S
admixtures that could play a role. For He-like boron beams this component is
considered to be negligible.
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P states is achieved primarily via the transfer process to the pure

metastable B3þ ð1s2s 3 SÞ state.
In Fig. 2 we show the electron spectra resulting from collisions

determined in our case as Gs ¼ 2:33. The lifetimes we used for
these calculations were taken from Refs. [25,26]. Thus, the ratio R
for the production cross sections can be written as

of 4 MeV B3þ ð1s2 1 S; 1s2s 3 SÞ with H2 targets. As presented in Ref.
[18], we were able to obtain pure ground state B3þ ð1s2 1 SÞ as well
as mixed state B3þ ð1s2 1 S; 1s2s 3 SÞ beams for the same collision
energy. The beam fraction f in the metastable 3 S state was
determined to have the value of f ¼ 28  8%.
As can be readily noticed, the two spectra do not have the same
energy resolution. This can be understood after considering the
processes involved in obtaining the two different content beams.
Indeed, in the foil-stripping method (used to produce the mixedstate beam) the uncertainty in the beam energy is higher compared
to that of the gas stripping method due to the multiple collisions
that the beam suffers in the foil giving rise to energy straggling,
as opposed to the primarily single collision conditions established
in the gas stripping of the accelerator terminal. Thus, a subtraction
of the two spectra after correction for the metastable fraction is not
straightforward, but fortunately not absolutely necessary. Since
our study involves cross section measurements we can initially
obtain the single differential cross sections, DCS  dr=dX, after
integrating the DDCS over the energy area under the peaks of interest. Then, the resulting DCSs for the 4 P and 2 P peaks obtained from
the mixed state beams are corrected for the beam metastable fraction. The corresponding DCSs of the ground state beam are subsequently subtracted from the previously corrected mixed-state
DCSs, resulting in DCSs ground state-free or equivalently in pure
1s2s 3 S state DCSs. As a final step the DCS for the 4 P is corrected
for the effective solid angle by dividing it with the correction factor
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where a realistic Auger yield value of n ’ 1 for all states was finally
adopted based on [26]. Moreover, since the angular distributions of
the Auger decays from the 4 P and 2 P states are similar, R practically
corresponds to the ratio of the total production cross sections which
based on statistical arguments should result in the value R ¼ 2.
According to all of the above, the ratio R was finally determined
to have the value R ¼ 2:8  0:5 which clearly departs from the
expected statistical value of R ¼ 2 [8,9]. Our result thus provides
evidence that additional mechanisms (not yet included in the
above considerations) are involved. In the literature, the dynamic
Pauli exchange mechanism [5] and the selective cascade feeding
[6] of the 4 P state have been proposed as candidates for the
enhancement of R. Currently, in the APAPES [19] project underway
at the Demokritos Tandem, we are in the process of a systematic
experimental and theoretical investigation of the possible mechanisms involved in the enhancement effect. The present experimental results on the value of R for boron, clearly provides further
support to this effort and underscores the necessity for further
investigation.
As a last step, an additional test providing further credence to
the analysis of these results is the determination of the ratio R2 P
of the doublets 2 P þ =2 P  , which under the same spin re-coupling
statistical analysis should result in the value of 3. As clearly
explained in Ref. [6], these prompt states do not suffer from lifetime solid angle corrections and do not suffer from strong cascade
effects or other secondary mechanisms that affect their population.
Based on our method and the subsequent corrections for the metastable fraction, we determined this ratio to be R2 P ¼ 2:6  0:4 in
near agreement with theoretical predictions.
4. Summary and conclusion
We have presented our efforts to experimentally obtain the
production cross section ratio R ¼ 4 P=2 P between the quartet and
doublet P states formed in collisions of 4 MeV B3þ ð1s2 1 S; 1s2s 3 SÞ
with H2 targets. This ratio bares the signature of the mechanisms
involved in the population of the 1s2s2p 4 P state, of interest in this
study. Using a new approach developed for the calculation of the
effective solid angle of long-lived Auger decaying projectile states,
we have revisited previously published data from which a value of
R ¼ 2:8  0:5 has been determined. In addition, we have also
extracted the ratio of the doublets involved, R2 P ¼ 2 P þ =2 P  , to have
the value of R2 P ¼ 2:6  0:4 which is near to the expected result of
R2 P ¼ 3, providing additional support to the correctness of our
approach. The observed enhancement in R shows a clear departure
from the expected value of R ¼ 2, in accordance to earlier evidence,
thus adding to the need for further investigations towards a better
understanding of the population mechanisms involved.

Fig. 2. Experimental electron spectra resulting from collisions of 4 MeV
B3þ ð1s2 1 S; 1s2s 3 SÞ with H2 targets. [Top] The B3+ beam was produced after poststripping the incident B2+ beam in thin carbon foils. The presence of the 4 P peak,
predominantly produced by a 2p electron capture to the 1s2s 3 S ion core, implies a
significant metastable component estimated to be 28  8% [18]. [Bottom] The B3+
beam was produced directly from the Tandem accelerator after stripping the initial
B beam with N2 gas inside the accelerator terminal. As can be clearly seen, this
process leads to a significantly reduced 4 P peak signifying a practically pure groundstate beam.
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