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A B S T R A C T

Fast ion beams delivered by tandem Van de Graaff accelerators intrinsically have an energy width, 𝛥𝐸𝑃 ∕𝐸𝑃 ,
due to the voltage ripple of the accelerator, the production mechanism of the highly charged ions inside the
tank of the accelerator, as well as geometrical considerations related to the propagation of the ion beam. The
ion beam energy width directly affects the experimental resolution and thus its value should be considered
in experiments and the corresponding data analysis. Here, we present a method for determining the energy
width of ion beams delivered by tandem Van de Graaff accelerators, based on high resolution Auger projectile
electron spectroscopy combined with data analysis via Monte Carlo simulations within the SIMION ion optics
package.
1. Introduction

The production of positively charged ions in tandem Van de Graaff
accelerators is achieved by passing the initially negatively charged
ion beam through a gas or foil medium (termed stripping medium
or simply stripper) located at the maximum voltage area inside the
accelerator’s terminal. Upon collision of the negative ions with the
gas or foil stripper, several electrons can be removed from the ion,
thus resulting in a charge distribution of positively charged ions. The
positively charged ions exit the terminal of the accelerator with a
kinetic energy, 𝐸 = (𝑞 + 1)𝑉 , where 𝑞 is the charge state of the ion
and 𝑉 is the maximum voltage of the accelerator. Depending on the
stripping medium type, i.e, gas or foil, the stripping process is widely
known as gas terminal stripping (GTS) or foil terminal stripping (FTS),
respectively.

The charge states resulting from the stripping process follow
Gaussian-like distributions, the maximum value and width of which
depend on the incoming charge state, the stripping energy and the
stripping medium. Higher charge states, residing at the high end of
the distribution, and thus delivered with very low current, can be
reached by applying a second stripping process. This process takes
place between the analyzing and the switching magnet of the beamline
manifold of the accelerator, and is termed post-stripping. In this case, an
ion beam with a selected charge state at a certain energy collides with
a gas or foil target thus resulting in a new charge state distribution that

∗ Corresponding author.
E-mail address: mbenis@uoi.gr (E.P. Benis).

is shifted to higher charge state values as compared to the initial one.
This is because the stripping now takes place at the much higher energy
after acceleration in the tandem Van de Graaff. Similarly, depending on
the stripping medium, gas or foil, the post-stripping process is known
as gas post-stripping (GPS) or foil post-stripping (FPS), respectively.

The estimation of the ion beam current at a certain charge state and
energy is necessary for the design of an experiment. For this, several
software packages have been developed based on semiempirical models
and approaches [1–4]. Thus, charge state distributions can be quite
accurately estimated by varying: (i) the incoming charge state, (ii)
the stripping energy, (iii) the striping medium, and (iv) the stripping
location. However, they do not provide information about the ion beam
energy width.

The ion beam energy width is a parameter that should be considered
in experiments, as it affects the energy resolution of the measurements.
In general, gas stripping results in narrower energy width than foil
stripping. This is attributed to the energy straggling of the beam inside
the thin foils, which also results in a small reduction of the initial
kinetic energy. Thus, even though the use of gas stripping seems
the apparent choice, in certain cases foil stripping is preferable for
the generally higher currents or for avoiding the use of cumbersome
differential pumping schemes. In all cases, the knowledge of the energy
width of the ion beam is an important parameter for the data analysis,
and should be known with accuracy.
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Fig. 1. CAD view of the tandem Van de Graaff accelerator laboratory of NCSR ‘‘Demokritos’’, depicting only the main accelerator components and the location of the APAPES
setup.
There are several techniques widely used in tandem accelerator
facilities for determining the energy width of a beam, such as beam
current measurement [5], beam profile monitors [6], and nuclear res-
onances [7]. In beam current measurements, Faraday cups are used to
measure the beam current at different energies in order to infer the
energy width of the beam. Beam profile monitors are used to obtain
the spatial distribution of the beam, from which the energy width can
be obtained. Nuclear resonances involve the 𝛾-ray yield measurement
of strong and narrow (p, 𝛾) or (p, p′𝛾) reactions. The energy width of the
beam is determined by the deconvolution of the measured yield taking
into account the intrinsic resonance width [8].

Here, we present an alternative way for determining the energy
width of the ion beams delivered by tandem Van de Graaff acceler-
ators. The method is based on measurements of state-selective pro-
jectile Auger electron spectra analyzed with Monte Carlo simulation
approaches realized within the SIMION ion optics package [9]. It is an
in situ method since the ion beam energy width is convoluted within
the Auger electron spectra and thus does not necessitate additional
measurements. Moreover, all the parameters that affect the energy
width, such as the stripping location and the settings of the slits of the
accelerator or the beamline of the experimental setup, are allowed to
be varied for each experiment, since the energy width can be obtained
for each experiment independently.

2. Experiment

The experiments were conducted at the APAPES beamline (Atomic
Physics with Accelerators: Projectile Electron Spectroscopy [10]), lo-
cated at the laboratory of the tandem Van de Graaff 5.5 MV acceler-
ator in NCSR ‘‘Demokritos’’ [11]. The accelerator has recently been
equipped with an inbuilt post-stripping device [12], supporting both
GPS and FPS, installed in the area between the analyzing and the
switching magnets, as shown in Fig. 1. Thus, highly charged ion beams,
necessary for atomic physics experiments, inaccessible by single-step
stripping, are now available. The ion beam charge state distribution
and corresponding relative currents are estimated using the software
package TARDIS that has been developed for the tandem accelerator
of ‘‘Demokritos’’ [13].

The APAPES beamline has been developed to support atomic
physics studies based on high resolution projectile electron
spectroscopy. The latter requires measurements of projectile electrons
emitted at zero degrees with respect to the projectile velocity, a
technique widely known as ZAPS (zero-degree Auger projectile spec-
troscopy) [14,15]. The APAPES beamline hosts an electron spectro-
graph consisting of an electrostatic single-stage hemispherical detector
analyzer (HDA) equipped with a four-element injection lens and a two-
dimensional position sensitive detector (PSD). The projectile passes
through a doubly differentially pumped gas cell where it interacts with
the gas target. After exiting the cell, the ion beam continues through
94
the spectrograph to be collected in a Faraday cup for normalization
purposes. The electrons emitted at zero degrees with respect to the ion
beam velocity are focused by the entry lens and energetically analyzed
by the HDA and imaged on the PSD. The detailed operation of the ZAPS
setup at the tandem laboratory of ‘‘Demokritos’’ has been reported in
previous publications of our research team [16,17].

High resolution projectile spectroscopy provides measurements of
doubly differential in energy and solid angle cross-sections (DDCS).
In ZAPS, the laboratory frame DDCS is determined according to the
following equation [18]:

𝐷𝐷𝐶𝑆𝑗 =
𝑑2𝜎𝑗

𝑑𝛺𝑑𝐸𝑗
=

𝑁𝑒
𝑗

𝑁𝐼𝐿𝑒𝑓𝑓 𝑛𝛥𝛺𝛥𝐸𝑗𝑇 𝜂
(1)

where 𝑁𝑒
𝑗 is the number of electrons detected in channel 𝑗, 𝑁𝐼 is

the number of ions collected in the Faraday cup, 𝐿𝑒𝑓𝑓 is the effective
length of the target gas cell, 𝑛 is the target gas density, 𝛥𝛺 is the solid
angle, 𝛥𝐸𝑗 is the energy step per channel in the spectrum, and 𝑇 is
the analyzer transmission. The overall efficiency, 𝜂, is determined from
measurements of binary encounter electron peaks [19]. The laboratory
frame DDCS can be transformed to the projectile rest frame according
to the kinematics transformation [18]:

𝑑2𝜎
𝑑𝛺′𝑑𝜀′

= 𝑑2𝜎
𝑑𝛺𝑑𝜀

√

𝜀′
𝜀

(2)

where primed symbols denote the quantities in the projectile rest frame.
The electron kinetic energy 𝜀′ in the projectile rest frame is related
to the corresponding kinetic energy in the laboratory frame 𝜀 for
zero-degree emission as [18]:

𝜀′(𝑡𝑝, 𝜀) = 𝜀 + 𝑡𝑝 − 2
√

𝜀 𝑡𝑝 (3)

with

𝑡𝑝 =
𝑚
𝑀𝑝

𝐸𝑝 = 548.58
𝐸𝑝(MeV)
𝑀𝑝(u)

(eV) (4)

being the reduced projectile energy known also as the cusp electron
energy (electrons isotachic to the projectile) [19]. 𝐸𝑝 and 𝑀𝑝 are the
kinetic energy and mass of the projectile, respectively, while 𝑚 is the
electron mass.

In this study, highly charged oxygen beams were used in collisions
with helium targets to obtain the KLL Auger spectra. In Fig. 2, typical
KLL Auger spectra, obtained for the collision system of 11 MeV O6++ He
are presented. The incoming He-like O6+ forms transient Li-like doubly
excited states through the processes of single electron transfer [20]
or electron transfer and excitation [21], which subsequently deexcite
through KLL Auger decay. The two KLL Auger spectra, shown in
Fig. 2, correspond to the O6+ beams resulting from post-stripping the
O4+ beam, selected by the analyzing magnet, onto either gas (GPS) or
thin carbon foils (FPS). The thin carbon foils were developed at the
tandem Van de Graaff laboratory of ‘‘Demokritos’’ and had a typical
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Fig. 2. DDCS electron spectra for the collision system 11 MeV O6++ He, showing the
effect of the stripping method on the Auger line widths. Blue filled squares: GTS-FPS;
Red filled circles: GTS-GPS.

density of about 50 μg∕cm2, while the gas target in use was N2. For
both cases, the O4+ beams resulted from stripping the O− ions in the
gas terminal stripper (GTS). The different Auger peaks ratios, evident
in Fig. 2, originate from the different configurations fractions of the
ions delivered in the O6+(1𝑠2 1𝑆, 1𝑠2𝑠 3𝑆) mixed-state, as resulting from
the different stripping methods, i.e., FPS or GTS [22]. From Fig. 2 it is
clearly seen that foil stripping results in broader KLL Auger peaks due
to the broader energy width of the O6+ ion beam.

3. SIMION simulations

In the proposed method, the determination of the ion beam energy
width is achieved by comparing the measured KLL Auger line widths
with the corresponding ones obtained from Monte Carlo type simula-
tions performed within the SIMION charge particle optics package [9].
For this, we modeled the ZAPS experimental setup geometry in SIMION,
using the geometry design environment, with a design accuracy of
0.254 mm per grid unit, adequate for our studies as resulted from
earlier similar SIMION investigations of the optical properties of the
ZAPS setup [23,24].

In addition, a numerical code was built in the Lua programming
language to simulate the electron emission and the measurement pro-
cess. There, a large number (typically ∼105–106) electron trajectories
are generated from random positions within the gas cell area with
Auger energies corresponding to the experimental ones and random
solid angles limited by the detection geometry. This way, the electron
emission process following the interaction of the ion beam with the
gas target is simulated in accordance to a Monte Carlo type approach.
In a next step, the electrons that are detected on the PSD area are
used to obtain the energy spectrum after considering the spectrograph
operation voltages and the energy calibration process. Finally, the
spectra are transformed to the projectile frame following the laboratory
frame transformations of Eq. (2), for a direct comparison with the
corresponding DDCS measurements. A detailed presentation of the
ZAPS spectrometer and related measurements simulated in SIMION can
be found in [23–25].

In this study, the values of all the experimental and theoretical
parameters were inserted into the code with a high accuracy. Geo-
metrical dimensions were considered in the finest possible detail and
the values of the spectrometer voltages were accurately measured with
an accuracy better than 0.1%. In addition, the Auger energies and
the lifetimes of the Li-like doubly-excited states (1𝑠2𝑠2𝑙 2,4𝐿) involved
were taken from Refs. [24,26]. The Auger energy distributions, the
width of which was determined from their lifetime, were simulated
95
Fig. 3. Projectile rest frame zero-degree DDCS for the collision system of 12 MeV O6++
He. Symbols: Experiment. Error bars are included in the magnitude of the symbol.;
Lines: SIMION simulations for 𝛥𝐸𝑃 ∕𝐸𝑃 = 0.18% (dashed blue line) and for 𝛥𝐸𝑃 ∕𝐸𝑃 =
0.00% (full green line). Simulations were normalized to the measurements.

with pseudo-random Lorentzian distributions. Thus, the only parameter
in the code that was treated as a free parameter was the beam energy
width, 𝛥𝐸𝑃 ∕𝐸𝑃 . A Gaussian pseudo-random distribution was used to
simulate the energy width for the ion beam energy.

4. Data analysis

The data analysis was based on the comparison of the simulated
spectra to the experimental ones in the projectile rest frame. Thus,
for each experimental DDCS measurement of an Auger spectrum, we
performed a series of SIMION runs by varying the parameter of ion
beam energy width while keeping all the other parameters constant.
In order to compare the simulated spectra with the experimental ones,
we normalize their maximum Auger peak value to the experimental
one. Such a comparison is presented in Fig. 3. There, it is clearly seen
that, by using zero energy width for the energy of the ion beam, the
simulated Auger spectra result in an energy resolution about half that
of the experimental one. However, when the energy width is set to
𝛥𝐸𝑃 ∕𝐸𝑃 = 0.18%, the two spectra, simulated and experimental, show
the best agreement, determined by the minimization of the sum of the
residuals. It should be noted, that the result for the zero beam energy
width corresponds to the convolution of the Auger states natural widths
and the kinematic broadening [18], detailed below, with the response
function of the spectrometer.

It is worth mentioning that the asymmetry of the 1𝑠2𝑠2𝑝 4𝑃 peak is
due to the different lifetimes of its three 𝐽−levels [24]. Thus, every
𝐽−level was simulated separately, and the final distribution 𝑆(4𝑃 ) was
obtained after statistically averaging over all the three 𝐽−levels, i.e.:

𝑆(4𝑃 ) =
∑

𝐽

(2𝐽 + 1)
∑

𝐽 (2𝐽 + 1)
𝑆(4𝑃𝐽 ). (5)

The result of the simulated 1𝑠2𝑠2𝑝 4𝑃 peak signal is presented in Fig. 4.
Note that the asymmetry of the peak, originating from the different
lifetimes of the three 𝐽 -levels, is accurately reproduced in our modeling
in SIMION, as evident in Fig. 3.

5. Results and discussion

In Fig. 5 we present our results about the values of the O6+ beam
energy widths, 𝛥𝐸𝑃 ∕𝐸𝑃 , obtained with the above described method,
for collision energies ranging from 8 to 24 MeV. For higher energies
(𝐸𝑃 > 18 MeV) single-step GTS and FTS stripping processes were used,
since at these high energies the ion beam current delivered at our
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Fig. 4. SIMION simulation of the 1𝑠2𝑠2𝑝 4𝑃 Auger peak distribution for collision energy
of 12 MeV. Contributions from the different 𝐽−levels as well as their statistical average
are shown. Blue dashed line: 𝐽 = 5∕2; Red dash-dotted line: 𝐽 = 3∕2; Green dotted line:
𝐽 = 1∕2; Black solid line: statistical sum.

Fig. 5. O6+ ion beam energy width, 𝛥𝐸𝑃 ∕𝐸𝑃 , obtained for collisions of 8–24 MeV O6++
He. Different symbols refer to different beam stripping processes: Green filled diamonds,
GTS-FPS; Blue filled down-pointing triangles, GTS-GPS; Orange filled up-pointing
triangles, FTS-FPS; Black filled squares, FTS; Red filled circles, GTS.

experimental setup was of the order of a few nA, adequate for KLL
Auger measurements. For lower energies, the ion beam current was too
low for efficient measurements, and thus we used two-step stripping
processes, the second being GPS or FPS.

The uncertainty of the method can be estimated by obtaining the
lower and upper limits of 𝛥𝐸𝑃 ∕𝐸𝑃 of the corresponding SIMION gen-
erated distributions that marginally include the experimental distribu-
tion. This way, an average uncertainty value of 10% was estimated for
all the measurements, considering that all the KLL Auger spectra were
recorded with high statistics, necessary for the valid application of our
method.

From Fig. 5, it is evident that the energy width is broader for foil
strippers, as expected based on energy straggling arguments mentioned
above. The ion beam energy width shows an overall decrease with
increasing collision energy independent of the stripping method. It
should be emphasized that for all measurements, the pair of slits prior
and after the analyzing magnet, that largely determine the ion beam
energy and geometrical energy width were kept constant.

Our study was extended to include also O4+ beams. Thus, the same
KLL Auger peaks were measured for the collisions of 12–20 MeV O4++
96
Fig. 6. O4+ ion beam energy width, 𝛥𝐸𝑃 ∕𝐸𝑃 , obtained for collisions of 12–20 MeV
O4++ He. Different symbols refer to different beam stripping processes: Black filled
squares, FTS; Red filled circles, GTS.

He. For these measurements only the single-step stripping inside the
tandem accelerator was used, GTS and FTS, respectively. The results are
presented in Fig. 6, where it is evident that the ion beam energy width
shows an overall decrease with increasing collision energy independent
of the stripping method, in accordance with the case of O6+ beams.
However, the values of 𝛥𝐸𝑃 ∕𝐸𝑃 , are overall smaller for the O4+ than
for the O6+ beams. This is attributed to the higher terminal voltages
used for the production of the O4+ beams (it is 𝑉 = 𝐸∕(𝑞+1)), and thus
to their higher stripping collision energies.

Our results are in overall good agreement with the corresponding
results from the nuclear resonances technique, widely used in nuclear
experiments at the tandem Van de Graaff accelerator facility of NCSR
‘‘Demokritos’’ [7]. However, a direct comparison is not viable as the
results are obtained from experiments performed at different beamline
setups corresponding to different beam transportation conditions.

It should be noted that in our technique all the parameters that
cause the broadening of the Auger peaks are included in the simulation
and do not have to be determined independently. The advantage of
the proposed approach is that in the ZAPS technique the effects of line
broadenings are minimized. ZAPS is inherently a high resolution tech-
nique primarily due to the zero-degree detection angle. The kinematic
broadening due to the finite entry solid angle of the spectrometer, 𝛥𝜃,
is estimated to be in first order [18]:

𝛥𝐵(1)
𝜃 = −2 sin 𝜃𝛥𝜃

⎛

⎜

⎜

⎜

⎝

√

𝜀𝑡𝑝

1 −
√ 𝜀

𝑡𝑝
cos 𝜃

⎞

⎟

⎟

⎟

⎠

. (6)

For zero-degree observation the first order term vanishes, thus favoring
the measurements at this angle, as the ZAPS technique does. The second
order broadening is then estimated to be [18]:

𝛥𝐵(2)
𝜃

𝜀′
=

(

1 +
√

𝑡
𝜀′

)

√

𝑡
𝜀′

(𝛥𝜃
2

)2
. (7)

The value of this term, estimated for an ion beam of 1 MeV/u and for an
Auger energy of 𝜀′ = 430 eV, results in a contribution to the broadening
of the Auger peak of only 𝛥𝐵(2)

𝜃
𝜀′ ≃ 3 × 10−3%.

In addition, the natural widths of the Auger peaks, as resulting from
their lifetimes determined theoretically, are of the order of meV or
smaller. In Table 1, we present the lifetimes and corresponding natural
widths of the 1𝑠2𝑠2𝑝 2,4𝑃 states for O5+, concerning this study. It is
seen that natural lifetimes are also a very small contribution to the
broadening of the Auger peaks. The main parameter for the broadening
of the Auger peaks is the response function of the spectrometer.
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Table 1
Natural widths and lifetimes for the 1𝑠2𝑠2𝑝 2,4𝑃 states for O5+.
Lifetimes for 2𝑃± states where taken from Ref. [26] and for 4𝑃𝐽
states from Ref. [24]. Numbers in square brackets stand for
powers of 10.
State Lifetime (ns) Natural width (eV)
4𝑃1∕2 0.900 7.31[−7]
4𝑃3∕2 2.500 2.63[−7]
2𝑃5∕2 29.57 2.23[−8]
2𝑃− 9.44[−5] 6.97[−3]
2𝑃+ 1.36[−5] 4.84[−2]

Therefore, in the high resolution ZAPS technique the effects of
olid angle line broadening and natural width are very small, thus
llowing for broadening effects originating from the beam energy width
o become measurable. In our SIMION Monte Carlo approach, all the
ypes of broadening are inherently included in the simulation. Thus, by
ppropriately tuning the beam energy width and comparing the simu-
ations to the corresponding measurements we were able to accurately
btain its value.

. Conclusions

A new technique for accurately determining the energy width,
𝐸𝑝∕𝐸𝑝, of the ion beams delivered by tandem Van de Graaff ac-
elerators is presented. The technique is based on the comparison
etween measurements of high resolution projectile KLL Auger spectra
nd corresponding Monte Carlo-type simulations obtained within the
IMION simulations ion-optics package. The results of our technique
re in good overall agreement with results from nuclear resonance
echniques, widely used in nuclear physics experiments. The main
dvantage of our technique is that it is an in situ approach, since the
nergy ripple is convoluted within the Auger electron spectra, and thus
oes not necessitate additional measurements for its determination. We
elieve that the proposed technique is accurate enough and realistically
pplicable to be considered as an additional method for ion beam
iagnostics.
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