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A new experimental station has been setup at the Athens 5.5 MV tan-
dem accelerator to perform zero-degree Auger projectile electron spec-
troscopy (ZAPS). In addition, two systems of gas and foil terminal- and
post-strippers have also been installed to vary the metastable 1s2s39
beam component in the He-like ion beams. After a short introduction
to the ZAPS technique and our new experimental station, we present
new results on the production of the C?’J’(15232pQ’4P,ls2p2 2D) and
C**(252p®1P) states in collisions of mixed C**(152s35, 1s?) ions with
He. The 2s2p P states can be produced by direct 1s — 2p excitation,
electron-electron interaction plus spin exchange and/or transfer-loss pro-
cesses. The 152s2p states can be produced either by direct electron cap-
ture to the 152535 component or by transfer-excitation from the 1s?
ground state. A new technique allows for the separate determination of
the contributions from the ground and metastable beam components.
The ratio Ry = 0m(*P)/om (?P) of transfer to the metastable compo-
nent leading to the production of the *P>P states is determined and
compared to other older measurements on B*>" and F'* similarly ana-
lyzed, giving R,, ~ 2 in agreement with spin statistics. No convincing
evidence of cascade feeding of the 152s2p“P state is found, in clear dis-
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agreement with previous experimental and theoretical results. Clearly,
more work is needed to resolve this puzzle.
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1. Introduction

Over the last few decades, considerable progress has been made to ob-
tain information on both the atomic structure and collision dynamics of
multiply excited atomic states using high resolution Auger electron spec-
troscopy [1, 2]. This interest has been generated to a large degree in the
fields of plasma physics, thermonuclear fusion research, astrophysics and ra-
diotherapy with light ions (hadron therapy) [3], where the collisional prop-
erties of highly stripped ions play an important role. The determination of
highly accurate excitation energies, transition rates and lifetimes combined
with production cross section information obtained from line intensity mea-
surements lead to a better overall understanding of the dominant processes
at play.

The technique of zero-degree Auger projectile electron spectroscopy
(ZAPS), described next, has been highly successful in enabling measure-
ments of LS-resolved cross sections as a function of collision energy. The
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ZAPS technique offers an experimental window, particularly for ions with
low projectile atomic number (Z,,) where the Auger yields are more favor-
able, for an improved understanding of ion-atom collision mechanisms at
the state-selective level and provides stringent testing of theory.

A state-of-the-art ZAPS experimental station has recently been setup in
the Athens 5.5 MV tandem Van de Graaff accelerator (TANDEM) at the
National Center for Scientific Research “Demokritos” under the Atomic
physics with accelerators: projectile electron spectroscopy (APAPES) [4]
initiative. Recent progress and new results are presented here.

2. The technique of zero-degree Auger projectile
spectroscopy

High resolution Auger projectile spectroscopy refers to the experimental
energy- and angular-resolved electron spectroscopic technique in which
Auger electrons ejected from a moving emitter (usually a projectile ion
beam) are energy analyzed and detected at or close to the observation an-
gle # = 0° with respect to the beam direction. This technique is, therefore,
known as ZAPS [1].

The ZAPS technique refers mostly to high energy resolution (< 0.5%)
measurements of Auger KLL electrons with characteristic energies in the
range of 50-600 eV (in the projectile rest frame). It also includes electrons
emitted in autoionization, autodetachment as well as photo-ionization pro-
cesses of ions. In the future, ZAPS could possibly include even high en-
ergy [5] conversion [6-8] and beta-electron [9, 10] emission processes mea-
sured by magnetic zero-degree spectrometers. All these emitted electrons
have characteristic energies and, therefore, carry important atomic struc-
ture information such as state energy, binding energy, line width, etc. The
particular laboratory detection angle of 6 = 0° offers the optimal kinematic
conditions for attaining the highest possible resolution. Equally important,
within the category of state-selective measurements, the ZAPS technique
also allows for the determination of LS-resolved electron production cross
sections. This provides important information about the projectile dynam-
ics in atomic collisions, such as single electron capture, a process of primary
interest to the APAPES [4] investigations.

2.1. Kinematics of fast emitters

Since the measured electrons are emitted from fast projectile ions, it is im-
portant to understand some of the basics of projectile electron kinematics.
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A detailed analysis can be quite complicated [11]. However, in the case of
energetic collisions of a few MeV /u 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 addi-
tion model is sufficient for the determination of most kinematic effects [1].
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. Using the notation with primed
quantities in the projectile rest frame, the electron kinetic energy ¢ in the
laboratory frame can be related to the corresponding rest frame &’ as [1]:

1
€= §mv-v:5'+tp+2 e't,cosb’, (1a)
or its more accurate relativistic counterpart
e=7pe +t, +/(1+7)(1+7,)e't, cosd. (1b)

Here, t, = (m/M,)E, is the reduced projectile energy (the kinetic energy
of an isotachic electron, also known as the Cusp energy), E, and M, are
the kinetic energy and mass of the projectile, respectively, while m is the
electron mass and v,(= 1 +t,/(mc?)) and v'(= 1 +¢&'/(mc?)) are the usual
relativistic y-parameters. Both the second and the third term in Eqs. (1a)
and (1b) 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 6. This latter angle 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 in Eqgs.
(la) and (1b) introduces a stretching effect of the spectra that can be
used experimentally with the advantage of achieving high energy resolution
measurements. In addition, for fast emitters, there is a limiting laboratory
observation angle 0,,4., as per Fig. 1 [left], beyond which no projectile
electrons can be observed. Finally, the relativistic effects at a few MeV/u
beam energies are just a small, but observable correction (a few hundred
meV) to the measured laboratory electron energy e. This helps in the more
accurate energy calibration and identification of the Auger lines.

For an electron spectrometer with a finite acceptance angle Af’ (with
Af in the lab frame), it is simple to show [1], by direct differentiation of
Eq. (1) with respect to ', that the following proportionality holds true:

de

" sinf'. (2)
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Such a dependence on the finite acceptance angle of the spectrometer in-
duces a kinematic broadening, which is a substantial limiting factor at
non-zero observation angles. However, at the observation angle 6 = 0°, cor-
responding to #’ = 0° or 180°, it follows that de/df" is zero. The implication
is that only the second order contributions in A6’ or smaller are expected.
A simple calculation shows that for a practical electron spectrometer accep-
tance angle of Af ~0.57° or ~ 10 mrad, a substantial, almost two-orders of
magnitude improvement becomes attainable. This enables high resolution
(Ae ~ 100 meV) electron spectra measurements at realistic count rates. At

Analyzer acceptance

Fig. 1. Velocity addition diagrams. The electron velocity v’ in the projectile
rest frame is transformed to that in 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 0,,q,. Right:
V, <v', with all observation angles § being possible. The ZAPS technique sets
the electron analyzer at 6 = 0°, where kinematic broadening effects due to the
finite analyzer acceptance angle Af are minimized (see the main text).

6 = 0°, the angle 6’ can be either 0° or 180°, according to Fig. 1. This
results in a corresponding addition or subtraction of velocities. In such a
case, the ensuing laboratory electron energy can be readily obtained from
Eq. (1) by setting 6" = 0° or 180° to be:

ex(0=0°) = (V&' £ /1,)", (3a)

or its more accurate relativistic counterpart

e (0=0°) = 5 [VTr e+ Te5 ] (3b)

In Fig. 2, we show typical high resolution zero-degree electron spectra,
where the + sign in Eq. (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 the available atomic structure calcula-
tions [12].



State-of-the-Art Reviews on Energetic lon-Atom and lon-Molecule Collisions Downloaded from www.worldscientific.com

by 79.130.54.138 on 12/17/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

6 1. Madesis, et al.

iy
L8]

T 5

9 MeV C*(1s° 'S, 1525 ’S) + He
—— GPS

-
(=]
T

5 @ GTS B 4F . -
= = I

(4]
=2 8 P «E I
E N “a 3r . 1
= & D] = | =
o 6L u — o ]
o o 2 | ‘
= 2 =, .l
= T |1 ‘
é af ‘ b 3 N ..

o Ly
g 7 4
2 o ) F 3
o ’ﬁ.; 1 5

0
1250 1260 1270 1280 1290 225 230 235 240 245
& - Laboratory Electron Energy (eV) &' - Auger Electron Energy (eV)

Fig. 2. Typical ZAPS electron spectra obtained with our new apparatus at
Demokritos for 9 MeV C** collisions with helium gas. Left: Laboratory frame
spectra. Right: The corresponding projectile rest frame spectra. The spectra
were obtained by: Gas Post-Stripping (GPS) the delivered C** beam to the fi-
nal C** beam (squares), Gas Terminal Stripping (GTS) of the C~ beam in the
terminal of the accelerator (circles). As can be seen, these different stripping
methods produce different ratios of the 4P/2D line intensities. This implies dif-
ferent amounts of pre-excited metastable fraction 1s2s35S. The energy axes are
related by Eq. (1), while the axes of double differential cross sections have been
transformed according to Eq. (4).

In addition to the transformation of the energy axis, there is also a cor-
responding transformation of the double differential cross section (DDCS)

on the y-axis such that:
d*o e d*o
I = = \/7 : (4)
dQY'de € ddde

In the case of Fig. 2, since &’ < ¢, the transformation of Eq. (4) to the
rest frame shows that the spectra in the laboratory frame are relatively
enhanced by the factor \/z% , which is an additional help.

As illustrated in Fig. 1, for fast emitters (V}, > v/ or equivalently ¢, > '),
there can be two possible solutions €, (with corresponding velocities v..)

for the same laboratory emission angle 6. For slow emitters (V,, < v/ or
equivalently ¢, < ¢’), there is only one solution. On the other hand, for fast
emitters, this results in a restriction on the emission angle 6 to within a
maximum value:

!
0 = arcsin (“;), (5)

p
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or its more accurate relativistic counterpart resulting from Eq. (1b)
-1/2
Ormaz = arcsin{l + ’y; [(V;)/V')2 - 1]} . (6)

2.2. The ZAPS experimental setup of the APAPES project

Differential
Pumping port

Target
CHAMBER .

To 500 It/s turbo o 500 1t/s turbg

SPECTROMETER ‘

Fig. 3. Our experimental setup consists (from right to left) of a doubly differen-
tially pumped target gas cell, a 4-element entry lens, a large HDA with a 40 mm
diameter two-dimensional PSD. The length of the target gas cell is L. = 50 mm
and the distance of its center to the lens entry is so = 289 mm (see also Fig. 8).

The ZAPS experimental setup of the APAPES project is hosted on
beam line 145 at the Demokritos TANDEM measurement hall dedicated
to atomic collision physics and is shown in Fig. 3. The mixed state C**
ion beam supplied by the TANDEM is directed into a doubly differentially
pumped gas cell where it collides with the target gas. With this system, a
stable analyzer chamber vacuum of 107% Torr can be maintained for typical
gas cell pressures in the mTorr range. The emitted Auger electrons are an-
alyzed in energy with a maximum resolution Ae/e ~ 0.1% using an electro-
static paracentric hemispherical deflector analyzer (HDA) [13-17] equipped
with a 4-element focusing/deceleration entry lens and a two-dimensional
(2D) position sensitive detector (PSD) [18, 19]. Since the energy resolution
is fixed by the spatial characteristics of the analyzer, higher absolute resolu-
tion Ae is achieved by pre-retarding the Auger electrons. A pre-retardation
factor of F' =4 is usually sufficient to resolve the Li-like KLL-Auger lines
presented here. Finally, the analyzed electron spectra are normalized to
the number of ions collected in the final Faraday Cup (FC2) located at the
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exit after the HDA (see Fig. 3).

The most critical part of the spectrometer is the four-element electro-
static lens which focuses the emitted electrons from the gas cell to the entry
of the HDA. This provides a much smaller virtual slit of less than a mil-
limeter compared to the much larger (6 mm) diameter of the physical HDA
entry aperture. Such an arrangement has been found very successful [18]
since it allows for the unobstructed passage of the ion beam through the
entire lens and the HDA without the production of spurious background
electrons. At the same time, it provides the appropriate conditions for high
transmission and high energy resolution electron optics in the combined
lens plus HDA system. Thus, a single-stage arrangement can be used, as
opposed to the conventional two-stage arrangement. This facilitates the
use of a 2D PSD instead of the conventional slit exit to increase the over-
all counting efficiency by at least two orders [20]. The entire system has
been simulated [21] in detail (see Fig. 4) by the ion and electron optics
simulator — SIMION [22], which provides an alternative, well-tested [15]
way to determine the appropriate voltages on both lens and the HDA for
optimal operation. The resulting full width at half maximum (FWHM) en-
ergy resolution as a function of the pre-retardation parameter F' is shown
in Fig. 5.

Following the successful installation and testing both the 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. We then apply the new technique recently developed for the
accurate determination of the electron capture ratio R,, [23] (see section
4.4 under the technical restrictions of our method).

3. Ton beam stripping considerations — production of
pre-excited ions

The number of electrons carried into the collision by the projectile is impor-
tant 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 easier interpretable collision spectra which, in turn, can provide more
stringent tests of theory [1].

The production of highly-charged ions is, therefore, of great interest
in ion-atom collisions. Such ions are typically produced by passing a low
charge state beam through a thin foil or gas, where numerous electrons can
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Fig. 4. Details of SIMION schematic of the HDA electrodes, equipotentials and
trajectories in the symmetry plane y = 0. The insert shows the PSD region at the
exit of the HDA for pre-retardation factor F' =10 (adapted from Ref. [21]).

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 sent on to the experiment.
Depending on the energy of the ion beam during the stripping process, a
particular Gaussian-like charge state distribution emerges as being centered
around the mean charge state. The higher the energy of the beam, the
higher the mean charge state [24-26]. Thus, to produce more intense few-
electron or even bare ion beams, additional stripping points are provided
after the beam exits the accelerator. These are known as post-strippers.
Few-electron ionic beams, depending on the number of electrons, can
be delivered in mixed states including ground state and other long-lived
metastable components. The lifetimes of the He-like beam metastable com-
ponents 152535 and 1s2s 1S have been mostly calculated and are seen in
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Fig. 5. The FWHM energy resolution is plotted as a function of 1/F for pre-
retardation factor F. The FWHM from the older work [15] (squares). The
improved FWHM obtained by lens voltages optimized by SIMION [21] (Circles).

Fig. 6(a) to drop rapidly with projectile atomic number Z,. Assuming
the states are statistically produced in a 3 : 1 ratio with a 30% content of
152s3S at the point of production, we show in Fig. 6(b) the surviving frac-
tion from either the terminal stripper in the accelerator tank (at a distance
s1=25.4 m) or the post-stripper (at a distance sy = 10 m), away from the
target interaction region of our experiment, as a function of Z,. Clearly,
because of its much longer lifetime, the 152s3S fraction remains practically
intact over the whole range of Z, = 3 — 9, while the 1s2s'S fraction is
considerably reduced (in the present case of the C** beams) to below 5%.
Therefore, the 152515 fraction has been assumed to have a negligible effect
on the analysis.

An additional requirement of the APAPES project is to also have a vari-
able (and controllable) amount of metastable beam component (152s39').
To date, there are no codes that can generally predict the fraction of
metastable ions. However, previous studies have shown that the amount of
metastable beam components varies mainly depending on whether a foil or
a gas stripper is used. The metastable amount of 1s2s3S typically reaches
a maximum of ~30% for He-like ions, when using a foil stripper [28-33].
We have recently 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
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Fig. 6. Parameters of the 1525359 and 1s2s'S levels as a function of projectile
atomic number Z,. (a) Lifetimes calculated by Drake [27]. The explicit Z,
dependencies are the results of least square fits (this work). (b) Survival of
metastable fractions from their point of production either at the TANDEM tank
terminal stripper or at the post-stripper (see the main text). The two square
symbols overlap.

metastable fractions [33, 34], we can extract the contributions from either
the ground state or the metastable state. This technique has been presented
in detail in a recent publication [23].

4. Single-electron capture

In ion-atom collisions one of the more interesting processes that can be
investigated is electron capture to excited atomic states. In single electron
capture, an electron is transferred from the target atom to the projectile
ion. Details of the electron transfer process depend on the collision system
investigated. The information about the transfer to excited states of the
projectile can be inferred spectroscopically by observing various transitions
(either radiative [35, 36] or Auger [37]) from the excited atomic states to
lower lying states.

4.1. Capture to the metastable 1s2s3S beam component

Recently, interest has focused on electron capture to pre-excited states of
ions [37—41], i.e. to collisions in which the incoming ion is already in some
excited state. This allows for the investigation of excited states not read-
ily produced in any other way. Thus, for example, the spectra shown in
Fig. 2 were obtained using the two-electron C** ion beams in a mixture of
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pre-excited 152539 and 1s% ground states. The 152s3S state is metastable
(long-lived) since it can only decay by a forbidden spin changing transition.
The 152539 state is produced in the ion stripper inside the tandem accel-
erator terminal together with the ground state ions in variable amounts
5-30%, depending on the stripping medium (gas or foil) and stripping en-
ergy [29, 31]. Capture to the ground state 1s%2s of the formed Li-like ion
cannot further de-excite so this transition is not accessible spectroscopi-
cally. However, electron capture to the 1s2s3S metastable state leads to a
spectroscopically rich spectrum:

C**(152535) + e~ — C3*[(15253S)n/] (n>2,0<l<n-1). (7)

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 char-
acteristic Auger energies €’y:

C3* 1525202541 L 1] (L=¢=0,1,5=3/2,1/2, J=L+8)
|
C* (1) + e (). (8)

Thus, the production of the 1525225 and 152s2p 2P lines observed in the
Auger spectra can be readily produced by direct single 2s or 2p electron
capture into the 1s2s3S component of the ion beam [40, 42]. However,
the line labeled as 152p? 2D cannot be produced by single electron capture
to the 152535 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 state is quite probable. This pro-
cess, known as transfer-excitation (TE) [43, 44], can populate the other two
observed 2P lines (through a simultaneous 2s transfer/1s — 2p excitation),
but not the P line. 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 understand-
ing [23], the %P line is produced only from the metastable state by direct
single electron capture [40, 42], while the 2D line stems dominantly from
the ground state through the aforementioned TE process.

Finally, the inherent long lifetime (ns-us depending on projectile atomic
number Z, and total angular momentum J) of the 1s2s2p 4P; metastable
states (with J = 1/2,3/2,5/2 lines unresolved) leads to an additional dif-
ficulty in the quantitative analysis of the measured 1s2s2p*P production
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cross section [34, 42]. In zero-degree measurements, the electron spectrom-
eter lies in the direct path of the ion beam. Therefore, the metastable pro-
jectile states decay all along the ionic projectile path towards and through
the spectrometer. Thus, one has to correctly 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 correc-
tion to the measured metastable electron yield. This correction has been
treated in the literature, either in a purely geometrical approach [34, 42]
or very recently, for our measurements using an HDA with entry lens, in
a Monte Carlo (MC) electron trajectory simulation approach within the
SIMION [22] charged particle optics software [45]. In this latter approach,
kinematic effects, particular to Auger emission from fast moving projec-
tile ions (e.g. kinematic line broadening and solid angle limitations due to
Omaz) are included for the first time. This allows for a more accurate and
realistic line shape modeling [45] of both metastable and prompt (much
shorter lifetimes less than a few ps) Auger lines. The APAPES project has
embarked on an isoelectronic study of electron transfer to the 152539 state
of He-like ions to shed more light on these processes.

4.2. Separation of contributions from the 1s? ground state
and the 1s2s3S metastable state component

The processes that predominantly contribute to the production of the five
KLL states of interest are shown in Fig. 7. In general, we may write for
the single differential yield of each level z (for = : 29,%2P, *P %D):

dY|x] dog[x] do,[z]
oY :(1—f3s)(dQ,)+f3s (dQ’)’ 9)

where dog[x]/dQ) and do,,[x]/dQY" represent the differential production
cross sections for all possible processes that can populate the state x from
either the ground state (g) or metastable states (m). The single differential
yield is the yield normalized to the total number of ions in the beam Ny
(no matter with which beam components these ions are associated):

dy (2] - Ne[z]
A kG [x]€[x]

Here, £[x] is the Auger yield and N¢[x] is the total number of electrons in
the Auger peak x divided by the overall absolute “normalization” constant

(10)
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Fig. 7. Energy level diagram showing the dominant mechanisms for the produc-
tion of the 152121 ®S*YL doubly excited states formed in collisions of energetic
He-like (15 %S5, 152535) beams with low Z; targets (e.g. Ha). Single 2p or 2s elec-
tron transfer (ET) or non-resonant transfer excitation (NTEm) to the metastable
state (m), simultaneous transfer and excitation [both resonant (RTE) and non-
resonant (NTEg)] from the ground state (g) (for more details, see the main text).

k for each Auger line given by:

e _ er_/ dE, _ il € f
V= [ vEOs - (5 ver. (1)
k= NrnL.TnAQ, (12)
R[] - G.[+] A0, (13

where 7] is the detection efficiency averaged over the PSD spectrum energy
range. Quantity AQ[x] is the effective solid angle of the measurement,
while G, is a spectrometer-dependent solid angle correction factor account-
ing for a possible dependence on the lifetime 7[x] of the particular state x
(more correctly on the product V,7[x], see Refs. [46, 47]). Recall that the
doublet states are all prompt, so that G ~ 1, implying practically the same
solid angle AQy. On the other hand, the P state is metastable for which
G, = G,[*P] is significantly different from 1. We have recently computed
G, for the HDA used in this work [45]. Computations of this correction
factor for the two-stage parallel plate analyzer (tandem analyzer) have also
been reported in Refs. [1, 34, 43, 48]. The exact value of G, is an important
correction when measuring the Auger electron yield from the *P state for
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ions with low Z,. This is further discussed below. Finally, ~ is seen to in-
clude the values of all the experimental parameters of the measurement and
the accuracy of each of these parameters determines the overall systematic
uncertainty of the cross section. All the experimental parameters except
for G; have been collected together into the overall absolute normalization
parameter , which for our HDA has been computed and shown to have an
overall systematic uncertainty (Ax)/k $0.17 [49].

Let us now assume, by reference to Fig. 7, that the 25 and 2P, lev-
els are populated from both the ground state (g) and the metastable (m)
state. Further, let the *P level be populated only from the metastable state
(by capture). Moreover, let the 2D level stem from the ground state alone
(by TE). Then, it can be shown [23] that the production cross sections for
the five levels can be obtained from the single differential yields dY; (short
notation for dY;/dQ)’) in two measurements having different metastable frac-
tions. These cross sections are given by the following equations:

dop[r]  dYs[z]dYi[?D] - dYi[z]dY>[?D]

a dY,[2D] - dY>[2D] ’ (14)
dog[x]  dYa[z]dYi[*P] - dY;[z] dYs[*P] 5
Q- dY1[4P] - dY>[4P] ‘ (15)

Note that Egs. (14-15) satisfy the main assumption do,[*P]/dQ =
do,,[2D]/dQ =0

4.3. Correction for the long lifetime of the 1s2s2p*P state
- the solid angle correction factor G,

The effective solid angle for electrons emitted from some long-lived Auger
projectile states, AQ, can be determined adopting the geometry of Fig. 8.
A projectile ion beam of velocity V, is moving along the +z axis and collides
with a gas cell target of length L., the center of which is at a distance sg
from the entry opening of the spectrometer. The projectile is collisionally
excited to a long-lived J-state, having a lifetime 7, and subsequently Auger
decays along the path to and through the spectrometer.

Then, the effective solid angle averaged over the length of the gas cell,
AQ;, can be determined from pure geometrical considerations using the

double integral:
—z/V T,
RO (L, Vyry, Le) = - f . / T AQ(L-# - 2), (16)

iD J
where L is the maximal distance along the ion trajectory over which signif-

icant contributions to the Auger electron line profile can be made [45]. The
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solid angle AQq(s) corresponds to point source emission from a distance s
away from the spectrometer entry. For the HDA under study, the solid an-
gle AQq(s) for point source emission (subtended by the lens entry aperture
of radius r at distance s) is given by AQq(s) = 27 (1 —s/Vr2+ 52).

'\\
1
lon 1 \\
excitation : s lon decay

\
L. 1 N R
S e emission j—

idz’ Tz e
- _:ﬁ/ﬁﬂ_ —

So —/I-

;
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l
s, "l lon
Beam

Fig. 8. Schematic geometries for the HDA spectrometer [45]. The ion beam
propagates from the gas cell to and through the spectrometer to be finally col-
lected by the FC2. Electron trajectories emitted at the 0° angle with respect
to the ion beam are energy analyzed and detected at the two-dimensional PSD.
Equipotential lines are also indicated. The insert shows the parameters relevant
to the integrations of Eq. (16). Their values are: L. = 50 mm, r = 2 mm and
S0 =289 mm [21].

Regarding Eq. (16), it becomes clear that Ay accounts for two com-
peting effects: (i) the gain in the solid angle as the ions approach the
spectrometer and (ii) the loss due to the temporal decay along the ion path
towards and beyond the spectrometer. A more detailed examination of
these effects is given in Ref. [45].

Applying Eq. (16) to a prompt state in the limit of V,7; — 0, the
effective solid angle becomes:

AQo(s0,Le) = Li ,L; d2' AQo(Lef2 + 50 - 2"). (17)

c J2=

Thus, we can define the effective solid angle correction factor for the J-state

as the ratio of the effective solid angle of the long-lived state to that of the

same, but for prompt emission, i.e.:

AQ (L, Vy7y,Le)
A(20(505 LC)

Gr, =G, (L, Vu7s,80,Lc) = (18)
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To account for the J sub-levels, since they are not energy resolved experi-
mentally, a statistical averaging over all the J-states leads to the J-averaged
effective solid angle correction factor G, given by [45]:

_ Z] (2J + l)fJGTJ (L, VpTJa S0, Lc)
T > (20 +1)€,

(19)

4.3.1. Determination of G.: SIMION simulations

In Ref. [45], we evaluated G, for our HDA using MC-type simulations
realized within the SIMION 8.1 ion optics package in the following way.
For a number Ny of initially (t=0) populated projectiles for each J-state,
the number of the observed Auger electrons will be:

Nobs, ~ ErNoAQ (L, Vp1y, Le). (20)
However, the true number of detected electrons should be:
Nirue, ~ E1NoAQo (50, Le), (21)
so that
CoRkla ARl @

Therefore, the ratio of the number of observed electrons of a long-lived .J-
state to the number of true electrons, which corresponds to a prompt state
of the same initial population Ny, essentially describes the effective solid
angle correction factor GTJ . The J-averaged effective solid angle correction
factor G is then estimated through Eq. (19).

4.3.2. Experimental determination of G, using Be-like
carbon beams

The experimental determination of G, was based on the fact that the Be-
like ions produced in tandem Van de Graaff accelerators are delivered in
mixed ionic states, including the ground 1s22s? 1S and the metastable
15%252p 3Py states with lifetimes in the ps-to-s range (depending again
on atomic number Z, and angular momentum J) [50-52]. In collisions
with the Hy targets, the 1s electron of the 1522s2p3P state is needle ion-
ized [53] (similar to the situation encountered in photo-ionization of Be-like
ions [52, 54-57]). This results in the production of the 1s2s2p configu-
ration, which in the LS coupling scheme gives rise to the 1s2s2p*P and
15(252p3P)?P states (or 2P_ for short). These two states are used in our



State-of-the-Art Reviews on Energetic lon-Atom and lon-Molecule Collisions Downloaded from www.worldscientific.com

by 79.130.54.138 on 12/17/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

18 1. Madesis, et al.

experimental determination of the effective solid angle correction factor G .
As already mentioned, the P state is a long-lived state which Auger decays
to the 1s? ground state. On the other hand, the ?P_ state Auger decays
promptly to the 1s? ground state having lifetimes ranging from tens to
hundreds of fs.

In addition, the production population statistics of the P and ?P_ states
should result in the ratios o(*P) : o(®P.) = 2 : 1, as follows from the
multiplicity of the states. A direct measurement of this ratio requires the
necessary correction due to the metastability of the *P state and, therefore,
the determination of the effective solid angle correction factor G.. Thus,
we have:

o(*P) _Y('P)/(&pGr) _
- - 2) (23)
oCP)  YCP)jer
and, therefore,
_1Y('P) &p.
TTRYCP) &p
where Y denotes the measured normalized electron yields obtained from the

(24)

fitted areas, while the values of the Auger yields are adopted from Ref. [58].

The production of the *P and 2P_ states, by 1ls ionization of the
15%252p 3P beam component has an advantage crucial to the correct deter-
mination of the G, correction factor: it is free from additional deleterious
effects on their ratio which can modify its spin statistics value of 2. As men-
tioned earlier, the P and 2P_ states can also be populated in collisions of
He-like ions delivered in mixed (152, 152s 39) states via single capture to the
2p state. However, capture to higher nf-states is known to be strong [41, 59]
and, as such, can lead to cascade feeding of these states [60], which could
alter their expected spin statistics population ratio [61].

In Fig. 9, we present high resolution electron spectra measured with our
HDA in 17.5 MeV collisions of O** with Hy. The electrons were recorded
at pre-retardation factor F=8 for higher resolution. As can be seen, the
small asymmetry in the peak near 425 eV is due to the additional low
intensity 152s522p 3P Auger line, which was also reported for similar spectra
in Ref. [62]. This state can be formed from the 1s%2s% 1S ground state via
1s — 2p excitation, and it will promptly decay to the 1s%2p final state. It is
important to account for this extra peak area for the accurate determination
of G. Therefore, the line spectra were fitted with the Voigt profiles, except
for the *P peak whose asymmetric profile, due to its metastability, was
considered in the fitting process. The 1525%2p3P peak area was found to
be about 17% of the total area of both peaks in the vicinity of 425 eV.
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Fig. 9. Oxygen Auger KLL spectra obtained in collisions of 17.5 MeV O*" with
H» using our HDA spectrometer. The SIMION simulations of the *P spectral
distributions are shown by the dotted lines in excellent agreement with the mea-
surements. The solid lines correspond to the Voigt profile least square fits of the
peaks. The small peak at the low energy shoulder of the 15(252p®P) 2P peak, was
identified as arising from the 152s°2p°P intermediate state [62]. Tts contribution
was carefully accounted for and separated from that of the 2P_ peak of primary
interest (see the main text).

Our results for the collision system 0% 4+ H,y at 17.5 MeV with two
different deceleration factors (F' =4 and F =8), as well as for the collision
system C?* + H, at 6.6 MeV with the deceleration factor of F' = 4 are
presented in Table 1.

For the case of oxygen, the GG, values obtained with SIMION are com-
parable to the estimated experimental uncertainty of the measured values,
for the lifetimes reported in Ref. [63], while they deviate by an additional
~ 20% for the lifetimes reported in Ref. [58]. However, in the case of carbon,
the SIMION results are well within the experimental uncertainties. Fur-
ther, it is seen from Table 1, that G depends sensitively on the lifetimes
and the involved Auger yields, as evident from the ~ 15% differences in the
estimated values of G, using the lifetimes reported in Refs. [46] and [58],
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Table 1. Results for the effective solid angle correction factor G, determined
experimentally (denoted as “Exp.”, referred to Eq. (24)) and by the MC-type
SIMION simulations.

State Ep F Gr
MeV Exp. SIMION
oz 6.6 4 2.0(4) 1.922
2.41°
o 175 4 1.9(4) 2.47%
2.80°
8 1.5(4) 2.08%
2.33%

@ See Ref. [46], ¥ see Ref. [58].

both for oxygen and carbon. Clearly, this sensitivity on the lifetimes can be
a source of considerable systematic theoretical uncertainty in the estimation
of G. Thus, overall, we may claim that an acceptable agreement was found
between our SIMION computations and the measured values of G..

4.4. Capture to metastable ratios R,, and r,,

Basic quantum mechanics requires the spin coupling of the 2p electron to
the 152539 state yielding 1s2s2p*P quartet and 152s2p2P doublet states
to be in the ratio of 2: 1, i.e.:

do,, [*P]
_ das)’
B = dom[?Py] | dom[?P-]’ (25)
av v aor

while the ratio r,,

damr[QP-#]
'm dajg[il—l] , (26)
asy

should be equal to 3. Here, oy, is the capture cross section into the partic-
ular state [63]. Thus, it came as a big surprise that the measured ratio R,
was found to significantly deviate for the C** beams [40], clearly calling
for an explanation. A new two-electron process termed the Pauli exchange
interaction was subsequently proposed [40], where a target electron, which
is spin-aligned with the two projectile electrons in the 152535 state, ex-
periences 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 excitation
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of the projectile 1s electron and could possibly be described within the in-
dependent electron model, but one would need spin-dependent potentials -
a difficult task - not yet attempted [64].

However, more recently, it has been shown that capture to higher-lying
(1s2Inl’ 2L ;) states with n > 2 should also be very probable. Therefore,
selective cascade feeding of the 152s2p“P can also be expected to occur [34,
41, 60]. All the higher-lying doublet states Auger decay strongly to the K-
shell, while the higher-lying quartet Auger decay much more weakly due
to spin selection rules. The 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 just the P
populations.

Utilizing our method, presented in Sec. 4.2, for separating the contri-
butions for the 152535 metastable and the 1s%1S ground states, the ratio
R,, can be directly obtained in terms of the measured parameters using
Egs. (14) and (15):

1 dYs[*P]  dYi[*P]
R _ G, &[*P] (de[zD] ~ dv1[?D]

meexp T T (dY2[2P+] B dY1[2P+]) 1 (dy2[2p_] B dY1[2P_])'
PP, ] \ dY2[2D] ~ dYi[?D] PP\ dY2[2D] ~ dYi[?D]

(27)

As can be seen, R,, is expressed as the ratios of the peak areas of the
same spectrum (the same measurement) in which the absolute normaliza-
tion parameters x have canceled, while there is no direct evidence of the
metastable fractions. Clearly, this is a considerable advantage since both
the absolute normalization and metastable fraction determination are gen-
erally more tedious to obtain because special attention is required regarding
some additional experimental details. Thus, except for the theoretically de-
termined P state the Auger yields £[?P,] appearing in all the ratios, only
the solid angle correction factor G and the Auger yield £[*P] are needed
for Ry, exp. Moreover, since the angular distributions of the Auger decays
from the “P and 2P states can be expected to be quite similar (both are
the P states), it follows that R,, c.p practically corresponds to the ratio
om[*P]/om[2P] of the total production cross sections.

In Fig. 10a, we present various results for R,,, from the literature as well
as from our recent measurements for collisions with helium targets. It is
clearly seen that the results for B**+Hy (filled rectangles), F™*+H, (filled
triangles), as well as for our recent C**+He work (filled circles) show R,,
to be close to the statistically expected value of two. This is much better
than the originally reported measurements of Strohschein et al. [34] (open
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Fig. 10. Determination of the ratios R,, [a] and 7., [b] as a function of colli-
sion energy. Symbols: Experimental results. Lines: Theory. Filled rectangles:
B*"+Ha, filled triangles: F"*+Hy (reported by Benis et al. [63] from our older
work). Open circles: C**+He (R, from Strohschein et al. [34], with ., values
extracted from the same data and reported in Ref. [63]). Filled circles: C**+He
(present). Dashed line: Theory including cascade feeding for n — oo+ Auger
(Rohrbein et al. [60]).

circles) giving the values of R, as large as 9. In Fig. 10b, we also include
the results from the recent computation [63] of the ratio 7, via Eq. (26).
This ratio, according to theory, is expected to be equal to 3 and, moreover,
it should be independent of the solid angle correction factor G,. In this
case, practically all the measurements, including those with very different
R,,, are in much better agreement with theory. This, therefore, casts some
doubt on the G correction factors used by Strohschein et al. [34] which, in
fact, were found recently [47] to be incorrectly computed.

In the context of this sub-section, it is pertinent to recall Fig. 2, where
we display our recently obtained KLL spectra at 9 MeV for C**+He from
two measurements having quite different metastable fractions. The high
value metastable fraction was obtained after gas post-stripping the C3*
beam in the Ny gas. The low value fraction was obtained by stripping the
initial C~ beam in the Ny gas inside the terminal of the tandem accelera-
tor. The increased metastable fraction was readily manifested in the KLL
spectra of Fig. 2 by the enhanced production of the *P state (squares) as
opposed to the smaller production at the lower fraction (circles).
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Fig. 11. The 9 MeV C*(1s% 152s%5) collisions with He. Auger lines:
C3*(1s212l") KLL (squares), C**(2s2p®'P) KLL (circles) and C**(1s2s%5)nt
KLn (n=3-4). The 1s — 2p excitation lines are shown by the fits (shaded ar-
eas). The beam was produced by gas stripping in the accelerator terminal, GT'S,
and subsequent gas post stripping, GPS, of the analyzed C3* ions.

5. 1s-2p excitation of the metastable 152s3S beam
component

To obtain an independent cross-check on the C**(1s2s359) metastable
beam fraction (apart from the new method recently introduced and based
upon the analysis of the Auger KLL lines in He-like beams with different
metastable fractions [23]), we have also explored the production of various
Auger lines of slightly higher electron energy such as the He-like 252p 1P
KLL produced by 1s — 2p excitation shown in Fig. 11. These lines are
also of particular importance in the detailed study of fundamental mech-
anisms of excitation [42], i.e. the electron-nucleus, electron-electron and
electron-electron excitation with spin exchange [65].

The presently unidentified lines in Fig. 11 are most probably due to
(1s2s35)nt Li-like states [66] produced by direct nf capture with n = 3
and 4 to the metastable 152535 beam component. Their existence would
be further proof that these higher lying states are produced by capture
as required by the proposed cascade mechanisms leading to the reported
enhancement of the “P population [34, 41, 60].
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6. Summary, conclusions and future directions

We have presented the basics of the ZAPS technique used at the new ex-
perimental station dedicated to atomic collisions physics at the Demokritos
TANDEM. This apparatus is now in operation and can perform high res-
olution Auger electron spectroscopy 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 de-
scribed with particular application to studies of single electron capture to
He-like ions in the pre-excited 152539 long-lived state. A terminal gas strip-
per along with both gas and foil post-strippers has also been installed in the
TANDEM to provide more intense He-like beams with variable amounts of
the 152535 beam fraction.

With the above tools, we have explored capture and excitation using the
C* (152, 152539) mixed state beams in collisions with various targets in the
0.5-1.5 MeV /u collision energy region. Using our new technique, already
presented in detail in Ref. [63], whose results are also briefly presented here,
we have been able to determine the capture to metastable ratios R,, and
7m, for various collision systems, including our own recent work for 9 MeV
C* 4+He. Our results are supported by the accurate determination of the
effective solid angle G, (crucial for the calculation of R,,) which has also
been measured experimentally, and found to be in fair agreement with our
MC-type SIMION calculations. The reported values of R,,, are mostly close
to the expected spin statistics value of 2, but in glaring disagreement both
with the experimental results on 6-12 MeV C**+He from Ref. [34] and
the theoretical calculations [60]. Theory, however, clearly demonstrates the
selective strong cascade feeding of the 4P state for these collision systems, in
support of the proposed cascade enhancement mechanism [41]. In contrast,
the newly reported values of r,, are found to be mostly in good agreement
with the expected spin statistics value of 3 [61], even for the R,, disagreeing
measurements of Ref. [34].

Thus, even though calculations have shown an enhancement of the *P
state due to selective cascade feeding in both fluorine [41] and carbon [60]
collisions with light targets, there is a rather strong disagreement between
the calculated and measured values of R,,, especially for carbon in the 9-
12 MeV range. It is still not clear why this cascade enhancement is not
observable in the reported measurements. This remains a puzzle to be
resolved.
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It is evident that more results with careful measurements and theoretical
calculations, including cascades, for some other low-Z, He-like ions will be
further needed to convincingly establish the existence of cascade feeding of
the P state, as well as to answer the question why this cascade feeding is
not clearly identifiable in the measurements of R,,, as presented in here.

In the near future, we plan to finish our measurements and analysis of
6-18 MeV C** ions in collisions with various gas targets, including Hy, Ne
and Ar in an effort to investigate all the possible TE contributions from
both the ground state and metastable states to the Auger KLL states.
Accurate theoretical calculations are also needed, particularly for NTE from
the metastable state (never investigated before). In addition, we plan to
finish our investigation of the related excitation channel briefly presented
here. Again, accurate theoretical calculations are needed here, as well.
Clearly, additional theoretical support would be most welcome in future
collaborations.
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