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An experimental station has recently been completed with a beam line dedicated
to atomic collision physics at the 5.5 MV TANDEM accelerator laboratory of the
Institute of Nuclear and Particle Physics (INPP) at the National Center for Sci-
entific Research (NCSR) “Demokritos” in Athens. A Zero-degree Auger Projectile
Spectroscopy (ZAPS) apparatus composed of a single-stage Hemispherical Deflector
Analyser (HDA) and a 2-dimensional Position Sensitive Detector (PSD), combined
with a doubly differentially pumped gas target has been set up for high resolution
studies of electrons emitted from projectile ions at § = 0° with respect to the beam
direction in collisions with dilute gas targets. A terminal gas stripper, as well as both
a foil and a gas post-stripper, have also been newly installed, enhancing the capabil-
ities of the TANDEM by allowing for the production of more intense, highly charged
ion beams, thus complementing and expanding the range of the available energies
and charge states of the TANDEM. Using this setup, a systematic isoelectronic in-
vestigation of high resolution K-Auger electron spectra emitted from pre-excited ions
in collisions with gas targets has been commenced within the APAPES!™® initiative.
Here, we present some highlights of this program together with recent results. This
investigation is expected to lead to a better understanding of electron capture to
excited states of the ion beam and in particular the overlooked role of cascade feed-
ing of metastable states contributing to the capture cross sections, recently a field of

contested interpretations awaiting further resolution.

PACS numbers: 02.70.-¢, 07.81.4a, 32.70.-n, 32.70.Jz, 02.70.Bf, 34.



I. INTRODUCTION

High resolution Auger projectile electron spectroscopy has become an important tool,
over the last few decades, for obtaining information on both the atomic structure and the
collision dynamics of multiply excited ions produced in ion-atom collisions*. This interest
has been generated to a large extent in the fields of thermonuclear fusion, hot plasmas,
astrophysics, accelerator technology and basic physics of ion-atom collision dynamics. Our
recent APAPES! initiative allows for the first investigations of accelerator-based atomic
physics in Greece, using the newly completed and now fully operational, innovative electron
spectroscopy apparatus®®. Here, we present the basics of the technique, as well as some of
our first results on our investigations of electron capture from gas targets using 12 MeV C4*
ion beams obtained from the negative ion sputter source of the TANDEM and produced

using the newly installed terminal gas stripper.

II. ZERO-DEGREE AUGER PROJECTILE SPECTROSCOPY -
KINEMATIC CONSIDERATIONS

High resolution projectile electron spectroscopy refers to the experimental energy- and
angular-resolved electron spectroscopic technique in which electrons ejected from a mov-
ing emitter (usually a projectile ion beam) are energy analysed and detected at or close to
the observation angle 6 = 0° with respect to the beam direction. This is why this tech-
nique is usually referred to as zero-degree Auger projectile spectroscopy (ZAPS). The ZAPS
technique mostly refers to high energy resolution (< 0.5%) measurements of electrons with
characteristic energies ~50-600 eV such as those emitted in autoionization, Auger, autode-
tachment, photo-ionization processes and could possibly even include high energy conversion-
and beta-electron emission processes in the future. Because these electrons have characteris-
tic energies they carry important atomic structure information such as state energy, binding
energy, line width etc. The particular detection angle of § = 0° offers the optimal kinematic
conditions for attaining the highest possible resolution. Equally important, this technique
also allows for the determination of electron production cross sections at the state-selective
level, thus providing important information about the dynamics of the projectile atomic

reaction processes, as for example single electron capture, a process of primary interest to



the APAPES! investigations.

Since the electrons we measure are emitted from fast projectile ions it is important to
understand some of the basics of projectile electron kinematics. A detailed analysis can
be quite complicated®. However, in the case of energetic collisions of few MeV/y or more,
projectile ions are scattered through very small angles (~mrads) resulting in negligible
energy loss and influence on the projectile trajectory. Thus, a simple velocity vector addition
model is sufficient for the determination of most kinematic effects. The velocity v of the
Auger electron in the laboratory frame is obtained by adding the projectile velocity V,, to
the velocity v’ of the electron in the projectile rest frame as shown in Fig. 1. Denoting with
prime quantities in the projectile rest frame, the electron kinetic energy ¢ in the laboratory

frame can be related to the corresponding rest frame &’ as*

1
€= §mV-V:5’—|—tp+2\/€’tp0080’ (1a)

or its more accurate relativistic counterpart

e=e +t,+ \/(1+”y’)(1+”yp)€’tpcose’ (1b)

t, = %Ep is the reduced projectile energy, E, and M,, are the kinetic energy and mass of the

projectile respectively, while m is the electron mass and v,(= 1+ niZQ) and 7' (= 1+ mE—;2) are
the usual relativistic y-parameters for electrons with speeds V, and v/, respectively. Both
the second and the third term in the equations imply a substantial energy shift from the rest
frame energy (the Auger electron energy) ¢’ to either higher or lower laboratory energies
¢ depending on the value of #” which determines whether the resulting laboratory electron
speed v is larger or smaller than the speed of the electron v’ in the projectile rest frame. The
third term also introduces a stretching effect of the spectra that can be used experimentally
to the advantage of high energy resolution measurements. In addition, for fast emitters, there
is a limiting laboratory observation angle 6,,,, (see Fig. 1[left]) beyond which no projectile
electrons can be observed. Finally, the relativistic effects at a few MeV/4 beam energies is just
a small, but observable correction (a few hundred meV) to the measured laboratory electron
energy ¢ and helps in the more energy accurate calibration and identification of the Auger

lines.

For an electron spectrometer with a finite acceptance angle A0’ (A6 in the lab frame) it



Analyzer acceptance

Figure 1. Velocity addition diagrams. The electron velocity v’ in the projectile rest frame is
transformed to the laboratory frame according to the vector addition rule v =V, + v/, where V,,
is the velocity of the projectile emitter. (Left) V}, >v’ leading to a maximum possible laboratory
emission angle 6p,q,. (Right) V,, <v’, where all observation angles 6 are now possible. The ZAPS
technique sets the electron analyser at § = 0°, where kinematic broadening effects due to the finite

analyser acceptance angle Af are minimized (see text).

is simple to show* by direct differentiation of Eq. 1 with respect to @ that:

d
d—;/ o sin 0’ (2)

where o is the proportionality symbol. This dependence on the finite acceptance angle of
the spectrometer induces a so called kinematic broadening which is a substantial limiting
factor at non-zero observation angles. However, at the observation angle § = 0° correspond-
ing to #' = 0° or 180°, % is zero, implying only second order contributions in A6’ or smaller.
A simple calculation shows that for a practical electron spectrometer acceptance angle of
A0 ~ 0.57° or ~10 mrad, this constitutes a substantial, almost two-orders of magnitude im-
provement allowing now for high resolution (Ae ~100 meV) electron spectra measurements
at realistic count rates. At 6 = 0°, where ZAPS measurements are performed (for details
see the experimental setup section), 6" can be either 0° or 180° (see Fig. 1) resulting in a

corresponding addition or substraction of velocities. In this case, the resulting laboratory

electron energy can be readily obtained from Egs. 1 setting 6’ = 0° or 180° to be:
ex(0=0°) = (Ve' £ /1,)? (3a)

or its more accurate relativistic counterpart

0 =0) = 3 [T e m] (3b)
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Figure 2. Typical ZAPS electron spectra obtained with our new apparatus at Demokritos for
12 MeV C** collisions with neon gas: (Left) Laboratory (open symbols) spectra, (Right) Projectile
rest frame spectra. The spectra were obtained by foil stripping (black squares) or gas stripping
(blue circles) the negative ion carbon beam in the terminal of the accelerator. As can be directly
observed, the different stripping methods produce different ratios of “P?/2p line intensities implying
different amounts of pre-excited metastable fraction 1s2s3S. For the gas stripped spectra, the
newly installed terminal gas stripper was used. The energy axes are related by Eq. 1, while the

doubly differential cross section axes have been transformed according to Eq. 4.

In Fig. 2 we show typical high resolution zero-degree electron spectra, where the + sign in
Eqgs. 3 is applicable. The projectile lines corresponding to K LL-Auger transitions are well

resolved. The particular states can be readily identified by comparison to atomic structure

calculations®.

In addition to the transformation of the energy axis there is also a corresponding trans-



formation of the double differential cross section (DDCS) (the y-axis) such that:

d*o _\/gapa (4>
dQVds N e dQde

In the case of Fig. 2 since €’ < ¢, the transformation to the rest frame of Eq. 4 shows that the

spectra in the laboratory are relatively enhanced by the factor \/§ which is an additional

help to the experimenter.

IIT. SINGLE-ELECTRON CAPTURE

In ion-atom collisions one of the more interesting processes that can be investigated is
electron capture to excited atomic states (not to be confused with nuclear electron capture).
In single electron capture, an electron is transferred from the target atom to the projectile
ion. Exactly where and how this electron is transferred depends on the collision system
investigated. The information about the transfer to excited states of the projectile can only
be inferred spectroscopically by observing transitions (either radiative”™® or Auger?®) from the
excited atomic states to lower lying states. Recently, interest has focused on electron capture

to pre-excited states of ions”? '3

, i.e. to collisions in which the incoming ion is already in
some excited state. This allows for the investigation of excited states not readily producible
in any other way. Thus, for example the spectra shown in Fig. 2, were obtained using
two-electron C** ion beams in a mixture of pre-exited 152s3S and 1s? ground states. The
152535 state is metastable (long-lived) since it can only decay by a forbidden spin changing
transition. The 152535 state is produced in the ion stripper inside the tandem accelerator
terminal together with the ground state ions in variable amounts 5-30% depending on the
stripping medium (gas or foil) and stripping energy'#15. Capture to the ground state of the
now Li-like ion formed, i.e. 1s?2s cannot de-excite so it is not accessible spectroscopically.

However, electron capture to the 1s2s3S metastable state leads to a spectroscopically rich

spectrum:

C*(152539) + e — C*[(1525S)nl] n>20</0<n-1) (5)



the excited states formed in the case of n = 2 (according to electron spin-orbit coupling

rules) are identified in the spectra of Fig. 2 from their characteristic Auger decay energies

ey

C3H (152520251 L] (L=¢=0,15=3/2,1/2,J=L+8)

!
C(1s%) + ex(€y) (6)

Thus, the production of the 1525225 and 1s2s52p 2*P lines observed in the Auger spectra can
be readily produced by direct single 2s or 2p electron capture into the 152535 component of
the ion beam.'?!® However, the line labeled 152p?2D cannot be produced by single electron
capture to the 152539 state since it requires an additional 2s — 2p excitation. In the energy
range of these collisions another related two-electron process involving the transfer of a
target electron to the 2p orbital simultaneously with 1s — 2p excitation from the ground

1718 " can also

state is now quite probable. This process, known as transfer-excitation (TE)
populate the other two 2P lines observed (through a 2s transfer), but not the 4P. This
again has to do with active spin selection rules which would require a low probability spin
flipping TE transition to occur from the ground state. Therefore, according to our present
understanding'?, the *P is produced only from the metastable state by direct single electron
capture!®16, while the 2D line only from the ground state through the afore mentioned TE
process.

Basic quantum mechanics require the spin coupling of the 2p electron to the 152539

state yielding 1s2s2p*P quartet and 1s2s52p 2P doublet states to be in the ratio of 2:1, i.e.

R = o (15252p*P) _ o(1s2s2p?P)
T o(1s(252p3P) 2P)+0(15(252p 1P) 2P) —  o(1s2s2p?P)

= 2, where o is the capture cross section
into the particular state?. Thus, it came as a big surprise that the measured ratio R, was
found to be closer to 10 for C** beams!?, clearly calling for an explanation. A new two-
electron process termed the Pauli exchange interaction was subsequently proposed!?, where
a target electron which is spin-aligned with the two projectile electrons in the 1s52s35 state
experiences a (slightly) different potential than an anti-aligned electron. If the interaction
potentials are different, the outcomes (*P vs. 2P formation) could also be different. This
process does not necessarily involve the excitation of the projectile 1s electron and could
possibly be described within the independent electron model, but one would need spin-

dependent potentials - a difficult task - not yet attempted?’.



However, more recently it has also been shown that capture to higher lying (1s2snl L)
states should also be very probable and therefore selective cascade feeding of the 1s2s2p*P
can also be expected to occur'®?223, The 2P states Auger decay strongly to the K-shell, while
the *P quartets Auger decay much more weakly due to spin selection rules. E1 transition
rates, however, are the strongest for quartet to quartet and/or doublet to doublet transitions.
This results in a selective cascade feeding mechanism directly enhancing the *P populations.

Finally, the inherent long lifetime (~ns-us depending on atomic number and J) of the
15252p P; (with the total angular momentum J = 1/2,3/2,5/2 lines unresolved) metastable
states leads to an additional difficulty in the quantitative analysis of the measured 1s2s2p*P

16:22 Tn 0° measurements, the electron spectrometer lies in the di-

production cross section
rect path of the ion beam, and therefore the metastable projectile states decay all along
the ionic projectile path towards and through the spectrometer. One therefore has to cor-
rectly take into account both the decay of these states along the path of observation and
the increase of the spectrometer acceptance solid angle, as the emission point approaches
the entry of the spectrometer. This can result in a considerable correction to the measured
metastable electron yield. This correction has been treated in the literature, either in a

h'6:22 or very recently, for our measurements using an HDA with

purely geometrical approac
entry lens, in a Monte Carlo electron trajectory simulation approach within the well-known
SIMION?* charged particle optics software?®. In this latter approach, kinematic effects, par-
ticular to Auger emission from fast moving projectile ions such as kinematic line broadening
and solid angle limitations due to 6,,.., are also included for the first time, allowing for a
more accurate and realistic line shape modelling?® of both metastable and prompt Auger
lines.

The APAPES project has embarked on an isoelectronic study of electron capture into

152539 state of He-like ions to shed more light on these processes.

IV. ION BEAM STRIPPING CONSIDERATIONS - PRODUCTION OF
PRE-EXCITED IONS

An important difference between nuclear and atomic physics is the interest in the electron
structure of the ion beam and therefore its charge state. The charge state determines the

number of electrons on the ion. Thus, for example a He-like ion like C** has two electrons,



while a Li-like ion like C3* has three electrons. The number of electrons carried into the
collision by the projectile is important since it also determines the resulting atomic state
after the collision, depending on whether a net ionization, excitation or capture process
takes place. Highly-charged ions typically carry just a few electrons resulting in more easily
interpretable collision spectra which can provide more stringent tests of theory?.

The production of highly-charged ions is therefore of great interest in atomic collision
physics. Such ions are typically produced by passing a low charge state beam through a thin
foil or gas, where numerous electrons can be stripped from the ion, thus increasing its charge
state. These strippers are found in the terminal of all tandem Van de Graaff accelerators
since they are needed to convert the initially negatively charged ion beam to a subsequently
positively charged beam which is further energy boosted in the second stage of acceleration.
The desired charge state and energy are typically selected by the analyzing magnet and send
on to the experiment. Depending on the energy of the ion beam during the stripping process,
a particular gaussian-like charge state distribution results centered around the mean charge
state. The higher the energy of the beam, the higher the mean charge state? 8. Thus, to
produce more intense few-electron or even bare ion beams additional stripping points after
the beam exits the accelerator are provided known as post-strippers.

We have recently installed such a set of post-strippers (both gas and foil) for use at the
TANDEM between the analyzing magnet and the switching magnet. For example, Fig. 3
shows the expected relative amounts of O%" beams that can be produced as a function
of stripping energy both at the lower stripping energies inside the accelerator terminal by
either foil or gas stripping and also at the higher stripping energy for either gas or foil
post-stripping. As can be seen, the fraction of O%" ions is rather low if one uses only the
terminal strippers. However, combined with a post-stripper, the fraction increases, reaching
a predicted maximum of ~25-30% of the beam prior to stripping. These type of charts are
produced with the help of stripping codes which apply a set of empirical equations®®?”, to
predict the resulting charge distributions, thus allowing the experimenter to select the most
efficient way to obtain the desired energy and ion species with sufficient intensity to perform
the required measurement.

An additional requirement of the APAPES project is to also have a variable (and control-
lable) amount of metastable beam component (1s2s35). To date, there are no codes that

can generally predict the fraction of metastable ions. However, previous studies have shown



that the amount of metastables varies mainly depending on whether a foil or a gas stripper
is used, with the metastable amount typically reaching a maximum of ~30%, when using a
foil stripper. We have recently, also installed a gas terminal stripper inside the TANDEM
which produces the He-like beam predominantly in the ground state. By performing two
different measurements with beams of appreciably different metastable fractions, we can
extract the contributions from either the ground state or the metastable state in the pro-
duction of the 2P lines in the spectrum and therefore determine the electron capture ratio R
of interest. This technique is presented in detail in a recent publication'®. The installed gas
terminal stripper uses a turbomolecular pump to differentially pump the stripping canal,
thus preventing the contamination of the accelerator tube vacuum, while at the same time
re-circulating and re-using the stripper gas. An additional advantage of the gas strippers is
that they do not suffer damage, as do the foils, particularly at the lower stripping energies.
Of added interest for ZAPS measurements, the ions lose less energy in the gas stripping
medium compared to the foil as energy straggling is smaller?®, thus producing stripped ion
beams with a narrower energy distribution than those produced by foil stripping. Because
measured electrons come from the moving ion, the effect of the ion’s energy distribution can
be seen in the broadening of the observed projectile Auger lines, particularly when measured

with high electron energy resolution.

V. EXPERIMENTAL SET UP AND RESULTS

The experimental setup of APAPES is housed in a dedicated beam line (L45 in the red
room of the TANDEM measurement halls) for atomic collision physics and is shown in
Fig. 4. The mixed state C** ion beam supplied by the TANDEM at energies ranging from
~06-18 MeV is directed into a doubly differentially pumped gas cell where it collides with
the target gas. With this system a stable analyser chamber vacuum of ~ 10~% Torr can be
maintained for typical gas cell pressures in the mTorr range. The Auger electrons emitted
at zero degrees with respect to the beam direction are analysed in energy with a maximum
resolution 52 ~0.1% using an electrostatic paracentric® > hemispherical deflector analyser
(HDA) equipped with a 4-element focusing/deceleration entry lens and a 2-dimensional
position sensitive detector (PSD)3*%37. Since the energy resolution is fixed by the spatial

characteristics of the analyser, higher absolute resolution AE' is achieved by pre-retarding
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Figure 3. Fraction (in %) of the stripped oxygen beam which results in the final charge state of
OS5 plotted as a function of the stripping energy as predicted by the TARDIS code3’ assuming
100% transmission. (Left) Terminal (T) Stripper: foil or gas, (Middle) Post (P) stripper: foil, using
either gas or foil T stripper, (Right) Post (P) stripper: gas, using either gas or foil T stripper.
The numbers in the squares refer to the charge state of the primary oxygen beam before final
stripping. The bottom x-axis refers to the stripping energy, while the top to the final beam energy
after final stripping. Prior to the new strippers installation, only the terminal foil stripper existed
(filled black squares). As an example, a beam of 20 MeV O%* should be produced in the following
relative amounts: (1) Only terminal (T) stripped in foil = 4% or (2) in gas <1%. The availability
of the post-strippers (P) allows the following 4 additional combinations: (3) foil(P) - foil(T) =
18%, (4) foil(P) - gas(T) = 19%, (5) gas(P) - foil(T) = 24%, (6) gas(P) - gas(T) = 25%. The

stripping combination best suited to the experimental application can then be readily selected.

the Auger electrons. This is enough to resolve the Li-like K-Auger lines presented here.
Finally, the analysed electron spectra are normalized to the number of ions collected in the

FC2 Faraday Cup located at the exit after the HDA (see Fig. 4).

Following the successful installation and testing of both terminal gas stripper and
foil /gas post-strippers, we have been able to obtain Auger spectra with variable amounts
of metastable beam fraction as already shown in Fig. 2. Once we have better quantified
the value of the metastable fraction in the delivered beam, we shall apply a new technique
recently developed for the accurate determination of the electron capture ratio R [19]. First
measurements at 12 MeV are encouraging and show sufficient proximity to the values of R

predicted by theory and seem to support the selective cascade feeding model.
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Figure 4. Our experimental setup consists (from right to left) of a doubly differentially pumped
target gas cell, a 4-element entry lens, a large hemispherical deflector analyser (HDA) with 40 mm
diameter 2-D position sensitive detector (PSD). The length of the target gas cell is L.= 49.9 mm

and the distance of its center to the lens entry sg=288.5 mm.

VI. SUMMARY AND CONCLUSIONS

We have presented the basics of the Zero-degree Auger Projectile Spectroscopy (ZAPS)
technique used at the new beam line dedicated to atomic collisions physics at the Demokritos
TANDEM. This unit is now in operation and can perform high energy resolution Auger
electron spectrography of projectile ions excited during their collision with gas targets which
allows for the state selective determination of differential cross sections. Details of the
experimental setup were described with particular application to studies of single electron
capture to He-like ions in the pre-excited 1s52s3S long-lived state. A terminal gas stripper
along with both gas and foil post-strippers has also been installed in the TANDEM to be
used to provide more intense He-like beams with variable amounts of 152535 beam fraction.
The new stripping systems can be utilized by all TANDEM users, to obtain more intense

ion beams at energies and charge states not previously possible.
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