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Abstract. Light emission from gas targets using heavy ion beam excitation is described. Typically 32S
beams with ~90 MeV (2.8 MeV /amu) particle energy were used. This study was performed in context
of optical beam profile measurements. Optical transitions from neutral and singly ionized rare gases are
suggested for this application. Emission spectra and their line intensities are presented for a wide range
of target pressures from about 10°° to 300 mbar. The effect of secondary electrons on the beam profiles
is discussed. A comparison of ion beam and electron beam-induced spectra is shown and interpreted by
a semi-quantitative model of the excitation mechanisms. Examples of beam profiles recorded with three
different cameras through appropriate optical filters are presented. A comparison of projected profiles
and radial profiles obtained by Abel inversion is given. Effective emission cross sections were measured
for atomic and ionic lines at various target gas pressures and their pressure dependence interpreted by
the excitation mechanisms. Examples of time-resolved measurements of light emission following pulsed
excitation support the interpretation of the excitation mechanisms discussed in this overview of ion beam-

induced light emission of gas targets.

1 Introduction

Particle accelerators are an important tool for both
basic research and applications. Projectiles from an
electron or ion source are accelerated and transported
to a target. The projectiles are guided from the source
to the target by electrostatic or magnetic lenses and
steerers, analogue to optical imaging. This has to
be controlled by an appropriate beam diagnostics.
Mechanical elements like grids, wires or scintillating
plates are normally used for that purpose. However,
modern accelerators often work with high-beam cur-
rents which can destroy the beam diagnostic elements.
Optical beam diagnostics can avoid this problem. In
that case a low-pressure gas is filled into a section of the
beamline, the beam excites the gas atoms or molecules
in inelastic collisions, and a following light emission is
observed with cameras (Fig. 1). This allows observing
beam position and transverse beam profiles [1-4].

This study is motivated by the new ion accelerator
under construction at the GSI/ FAIR project in Darm-
stadt, Germany, with intensities demanding for optical
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diagnostics. The facility will work with high-beam cur-
rents both in the injector and in a large synchrotron,
where optical methods are considered, e.g., for align-
ment and beam focus-profile determination in plasma
physics experiments (HHT and APPA cave). In this
work, a much smaller device, the Tandem van de Graaff
accelerator at the Maier-Leibnitz-Laboratory Munich,
was used for fundamental studies of ion beam-induced
light emission. The goal was to further investigate gas
species and spectral emission features well suited for
optical beam diagnostics.

This work is based on experience with other appli-
cations of particle beam-induced light emission such
as heavy ion beam-pumped gas lasers [5-11] and elec-
tron beam-pumped light sources [12-15]. It extends to
much lower-target gas pressures compared to the earlier
experiments.

Optical beam diagnostics appears to be very simple
at first glance (Fig. 1). However, several effects lead
to the fact that the light emission is not necessarily
confined to the actual region where the primary beam
is propagating. Here we discuss mainly secondary elec-
trons emitted from the ion beam region leading to addi-
tional excitation and light emission around the primary
beam. Other effects can be optical light trapping, dif-
fusion of excited species, heating and expansion of the
target gas, and for high energy collisions also effects of
recoil ions [16].
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Fig. 1 Photograph of a 100 MeV 32S beam exciting a neon
gas target. The cell has a diameter of 100 mm. The beam
enters the gas with 200 mbar pressure through a 1.1 mg/cm?
titanium foil

Excitation processes of gases by energetic ions (e.g.,
several MeV/amu) can qualitatively be described as
follows: The primary projectiles can have a relatively
high charge state on the order of 4+ 10e for the Tan-
dem accelerator experiments described here. The ~
100 MeV sulfur projectiles travel in the gas together
with their remaining electrons. In collisions with the
target species, the high charge state and the overlap-
ping electron shells lead to a “violent” excitation of the
electron shell of target atoms or molecules (see “Fano
Lichten model” [17]). The result is a high probability for
excitation and ionization of the target species including
the formation of excited ions.

The singly charged secondary electrons formed dur-
ing the primary ionizing collisions, however, have a low
probability for producing excited target ions in single
collisions. It can therefore be expected that optical tran-
sitions in ionized species are closely related to the pri-
mary projectiles, whereas light emission from neutral
atoms can also be induced by secondary electrons which
may travel long distances depending on their energy
and the gas density.

Formation of secondary electrons in heavy ion col-
lisions plays an important role in basic research as
well as applications. There is a variety of processes
by which secondary electrons are created in ion colli-
sions. Here we just mention that the spectrum of sec-
ondary electrons is more concentrated on low energies
for ion beam than for electron collisions [18] and falls
off exponentially. This component is due to binary col-
lisions. The various components follow the terminol-
ogy “Delta-electrons” (electrons, which are fast enough
to induce further ionization), “cusp-electrons” (“Delta-
electrons”, traveling with the same velocity as the
ions, e.g., [19]), “convoy-electrons” (“cusp” emitted off
solids, e.g., [20]), Auger-electrons, etc. They differ in
energy and angular distribution. This field of research is
also relevant for all kinds of “track-formation” in solids,
liquids, and gases [21]. Here we summarize all the elec-
trons which are emitted along the ion path under the
term “secondary electrons”, and for their contribution
to the observed beam profile we are interested in their
motion perpendicular to the ion beam axes. We come
back briefly to this issue in connection with the beam
profiles discussed below. And we want to point out that
the profiles, which will be shown below for typically
1 mbar target gas pressure, contain information of the
electron energy distribution perpendicular to the beam
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Fig. 2 Schematic representation of excitation processes in
rare gases. Here, the red horizontal lines indicate ionization
potentials, while the black lines indicate excited levels. The
width of the arrows is a semi-quantitative measure of the
cross sections for ion excitation (left, yellow) and electron
excitation (right, blue). Recombination, charge transfer, and
molecule formation are indicated on the left side of the dia-
gram (see also text)

since the 1 mm beam diameter is representative for a
single track in comparison with the larger dimensions of
the “halo” around the beam. Here, the cross section of
secondary electron formation [18] needs to be weighted
with the excitation, respectively, ionization cross sec-
tions of gases with swift electrons, which are broadly
peaked around 100 eV [22]. From the literature cited
above, it can be seen that a typical “effective” energy
of the secondary electrons is thus ~50...200 eV for our
conditions. This corresponds to a penetration and exci-
tation range of ~ 1...5 mm in 1 mbar Ne [23]. It will
be shown below that this is in good agreement with the
dimensions of the halo which we observe.

A schematic scheme of primary and secondary exci-
tation processes is shown in Fig. 2. The figure was pre-
pared for Ref. [24]. It shows a typical arrangement of
energy levels of rare gases with the ground state, excited
levels, the first ionization energy, excited levels of the
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singly ionized target atom, and so on. The width of
the left (yellow) arrows is a measure of cross sections
for excitation by ion projectiles, and the (blue) arrows
on the right represent collisional excitation by (sec-
ondary) electrons. The underlying values were taken
from literature for the example of argon as target gas.
(A detailed discussion is given in [24].) The schematic
drawing is meant to explain what has been discussed
above, namely that the ion projectiles create excited
target atoms also in higher ionization stages in single
collisions with significant cross sections. Secondary elec-
trons, however, which have typical maximum energies
on the order of 5 keV (and lower) for our example of
~ 100 MeV sulfur projectiles [25] excite predominantly
neutral atoms. Secondary processes proceeding at ele-
vated target densities are sketched on the left side of
Fig. 2 (recombination [25], charge transfer [26], excimer
molecule formation [12, 27] for which the horizontal axis
represents the internuclear distance between two target
atoms, and radiative decay of the excimer molecules).

The processes addressed in Fig. 2 are the basis for
interpreting our spectroscopic and beam profile data
presented below.

2 Experimental setup

The experimental setup consisted of a target cell with
a gas system, a scanning monochromator for spectro-
scopic measurements, and cameras used as a model for
beam profile monitors. Details of the setup and sensi-
tivity calibration of the cameras are described in [28].

In brief, a gas target (Fig. 3) was installed at a beam-
line of the Munich Tandem accelerator. For target gas
pressures above 1 mbar the beam entered the target
cell through a 1.1 mg/cm? Titanium foil. Differential
pumping was applied for lower pressures. The beam
entered the cell through an aperture of 1 mm diameter.
Rare gases to be tested were purified with a gas purifier
(MonoTorr PS4-MT3). For pressures above 200 mbar it
was circulated through the cell and the gas system. For
lower pressures it was extracted as clean gas from a gas
cycle and fed into the cell in a continuous flow. The gas
system is schematically shown in Fig. 4. A Faraday cup
installed at the end of the cell was used for measuring
the beam current in the evacuated cell.

Light emitted from the gas target was observed per-
pendicular to the ion beam axis from one side through a
MgFs window and from the other side through a fused
silica window. Spectroscopic measurements were per-
formed with an f = 30 cm scanning monochromator
(McPherson model 218) and a phototube (PMT) with
MgF, entrance window operated in counting mode.
Light from the beam region was imaged onto the
entrance slit of the monochromator by a 1:1 Al-MgF,
mirror optics. This spectroscopic setup can cover a
wavelength range from ~110 nm to 800 nm (1500 nm
with an IR-PMT). Sets of filters were used to block
higher orders of the spectrum when necessary.
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Fig. 3 Schematic drawing of the experimental setup.
(“Nasenbar” = coati-mundi, our lab-slang for the beam
entrance part)

Three different cameras were tested as beam pro-
file monitors (ATIK 383L + , PI-Max4 1024f, ProEM
+ 512B). An apochromatic, UV transparent (A >
~300nm) lens (Jenoptik UV-VIS-IR, 60 mm 1:4 APO
Macro) was used to image the beam region through
the fused silica window onto the sensitive area of the
cameras. Filters were installed in front of the cameras.
They were selected according to spectral lines which
were found to be of interest in the spectroscopic stud-
ies. This study was deliberately limited to a wavelength
region from 300 to 800 nm for practical reasons since
future beam profile measurements will work with cam-
eras which are easily available and not too expensive.
Off-line experiments with a PTB-calibrated tungsten
strip lamp (WI 17/G) allowed us to calibrate the sen-
sitivity of the camera systems to determine effective
emission cross sections for light emission selected with
the filters mentioned above.

In most experiments a continuous 87 MeV
(2.7 MeV /u) 32S beam was used as a typical ion beam.
A 14 MeV proton beam was used in one of the exper-
iments for comparison. Neon and argon were stud-
ied in detail. Other experiments were performed with
krypton, xenon and nitrogen as target gas. Two ion
beam experiments were prepared with pulsed beams
with pulse duration of 320 ns. Time-resolved data were
recorded for neon and argon lines.

A special electron beam device (modified E-Lux,
Excitech GmbH) was installed and used for recording
electron beam-induced spectra for gases identical with
those of ion beam excitation. The low-energy electron
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In the following, results obtained from spectroscopic
studies are presented. This allows identification of the
emission lines and measuring the target pressure depen-
dence of the intensity of atomic and ionic lines. Effec-
tive ion beam-induced light emission cross sections were
derived from photographs of the beam in gas targets.
A comparison of ion beam and electron beam-induced
emission spectra is also given. Then the spatial shape
of the light emission obtained with the camera systems
is presented and discussed.

3.1 lon beam-induced pressure-dependent emission
spectra of argon and neon

Light emission from argon at a target gas pressure of
600 mbar excited by a 100 MeV sulfur ion beam is
shown in Fig. 5. It had been measured in the context of
earlier experiments. It shows many of the principal exci-
tation and emission processes discussed for Fig. 2. The
second excimer continuum in the vacuum ultraviolet
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Fig. 5 Overview spectrum emitted from 600 mbar argon
excited by a 100 MeV sulfur beam. Molecular (excimer)
emission, ionic and atomic lines appear, and an OH" impu-
rity emission at 310 nm is also visible

spectral region dominates the spectrum (note the log-
arithmic intensity scale). Toward longer wavelengths it
is followed by the classical left turning point (LTP) [29]
and the third excimer continuum [30]. The importance
of impurities is indicated by the appearance of an OH"
emission at 310 nm [31]. The wavelength region from
about 300 to 900 nm relevant for the measurements
presented here shows light from optical transitions of
ions (Arll) and neutral atoms (ArI).

Optical beam diagnostics is primarily important for
observing the beam in a beamline at low pressure of
the light emitting gas so that the beam is essentially
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Fig. 6 Effect of gas purification. Stable conditions with
respect to gas purity were reached after about 5 min gas
circulation/purification. (The short-time high-intensity fluc-
tuations (“kicks”) are due to instabilities of the beam cur-
rent.)

undisturbed by the measurement. There are also tar-
get experiments, for example in the field of ion beam-
induced plasma physics [32], where it is possible to
work with dense gases or even solid state materials.
In such a case energy deposition, heating, and expan-
sion has to be considered as a potential modification
of the observed beam profile [1]. Here we will show
that medium gas densities on the order of 100 mbar
are not very sensitive to artificial profile modifications,
at least when secondary electrons of an energy of less
than about 5 keV are the major contributors to modify
the ion beam profile data.

To begin our study, we started with conditions simi-
lar to those in Fig. 5 and reduced the target gas pressure
step by step. This was motivated by the question of how
far down we could go and still get reasonable signals.
Experiments with lighter rare gases (i.e., higher excita-
tion energies) were performed before experiments with
heavier rare gases to avoid alteration of the spectra due
to energy transfer processes: Tiny residues of the heav-
ier gases would be excited due to energy transfer by the
bulk light gas. Their emission would show up predom-
inantly, modifying the pure light gas spectra and thus
hindering precise measurements.

In a first step, stable conditions with respect to gas
purity were ensured. Helium leak tests of the entire sys-
tem were performed, and 300 mbar of research grade
neon 5.0 (99.999%) was filled into the target gas cell.
Light emission on the 310 nm OH-transition was moni-
tored over time, as shown in Fig. 6. (from [3]). The main
impurity source is water molecules, photo-desorbed
from the target cell walls during the experiment, thus
randomly contaminating the previously clean gas. Con-
tinuous gas purification allows for stable conditions
after about 5 min purification time, with continuous,
slow improvement over time.

Figure 7 shows a series of argon and neon spectra
with reduced target gas pressure. There are two groups
of emission lines in both gases, essentially stemming
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from the respective ”Balmer”-like (n + 1)p — (n +
1)s transitions. Most of the short wavelength lines are
transitions in ionized target species, whereas the longer
wavelength lines are the equivalent atomic lines. In the
following we will mainly focus on the rare gases neon
and argon. Helium has only a few lines while kryp-
ton and xenon spectra have too many emission lines
of both neutral and ionic lines which cannot be dis-
entangled easily. Furthermore, their high-intensity neu-
tral ”Balmer”-lines appear at too long wavelengths to
be practical for standard detectors. Nitrogen shows the
well-known emission bands of the neutral and ionized
molecules between about 300 and 400 nm and 391 nm,
respectively [33, 34]. Spectra and beam profiles of Kr,
Xe, and Ny are shown in separate chapters below.

Spectra in Fig. 7 were recorded with the same spec-
tral response, which was not absolutely calibrated, but
represents the same intensity ratios between the region
of the ion lines in the blue and the atomic lines in the
red for all spectra shown. The series of spectra has the
main result that there is a significant change in the
intensity ratio between ionic and atomic lines with a
strong relative increase of the ion lines when the pres-
sure is reduced from 300 to 0.03 mbar or, respectively, a
dramatic decrease in intensity of the neutral lines. Sev-
eral spectra recorded for intermediate pressures were
omitted in Fig. 7 for clarity of the figure but were used
to determine the pressure dependence of line intensities
(Fig. 11).

An interpretation of this result can be found on the
basis of the processes indicated in Fig. 2. First, it has
to be noted that the absolute intensity of light emission
depends of course on the power deposition in the field
of view of the spectrometer and this increases with tar-
get gas pressure. The most direct process for obtaining
light emission is excitation of the target atoms from
the ground state into one of the excited levels and a
following optical transition, visible in a prompt inten-
sity increase after excitation, and a following expo-
nential decay [10, 35]. Transitions between the levels
are not indicated in Fig. 2. Besides optical transitions,
there are collisional de-excitation processes induced by
collisions with target atoms or free electrons (quench-
ing). Since the gas is weakly ionized, collisions with
ground state atoms play the dominant role. This colli-
sion rate decreases with decreasing target gas pressure.
This change in the branching ratio between optical and
collisional de-excitation with decreasing pressure favors
the optical transitions which helps to get reasonable
optical signals down to low pressures. A quantitative
discussion on this effect will be given below for the case
of the pressure dependence of ion lines.

If direct excitation from the ground state into excited
states would be the only light producing mechanism the
changing intensity ratio with varying pressure could not
be explained. We interpret the dominance of the atomic
lines at elevated target gas density by two effects: First,
higher energetic secondary electrons produced in the
primary collisions can lead to additional excitation pro-
cesses, and this, according to Fig. 2, predominantly
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Fig. 7 Overview spectra of 400 500
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into excited states of neutral atoms. Second, the sec-
ondary electrons will cool down and finally recom-
bine with ions, populating excited levels [25, 36-38].
Since singly ionized target species have a higher den-
sity than multiple-ionized ions, recombination plays
a major role from singly ionized species into excited
states of neutral atoms. The subsequent optical tran-
sitions then contribute to the observed optical signal.
How much recombination contributes to the emission
will be demonstrated by time-resolved measurements
described below.

In summary, it is particularly interesting to study
ionic emission lines at low target gas pressure for ion
beam diagnostic applications, as already suggested by
the mechanisms sketched in Fig. 2.

In Fig. 8 emission spectra of argon and neon are plot-
ted for a target gas pressure of 0.3 mbar for comparison.
This shows that argon can be used for beam diagnostics
preferentially between 400 and 500 and neon between
300 and 400 nm. The wavelength resolution in Fig. 8 is
0.6 nm (200 pm slit width of the monochromator). An
example of spectra recorded with 0.06 nm resolution is
shown in Fig. 9. It demonstrates that individual lines
could be observed separately and clearly identified.

The spectral results allowed to identify lines. Lines
were then selected with filters in space-resolved mea-
surements using the cameras mentioned in the Sect. 2,
“experimental setup” above. An example of a spectrum
with a filter curve is shown in Fig. 10 for mainly select-
ing the 585.25 and 589.19 nm atomic lines in neon.

Integral intensity values of selected ion- and atomic
lines with higher intensity were derived from the series
of spectra at different target gas pressures of argon.
These values are plotted in Fig. 11. The atomic lines
show a continuous, essentially linear intensity increase
on a double-logarithmic scale. About four decades in
pressure were covered with this spectroscopic setup.
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Fig. 8 Ion beam-induced emission spectra of argon and
neon at a relatively low pressure of 0.3 mbar are shown.
Particularly, the ion lines between 400 and 500 nm in argon
are suggested as useful lines for beam profile measurements

The intensities of the ionic lines significantly bend off
toward higher target density. We interpret this behav-
ior by collisional de-excitation. The intensities of the
atomic lines show a continuous increase with pressure
(gas density), with partly more than linear behavior
at some lines, which is particularly visible at the Ar I,
696.5 nm line (green curve in Fig. 11). We interpret this
by excitation also by secondary electrons and recombi-
nation as discussed above.

For selected lines, we studied the intensity-vs-
pressure behavior to very low gas densities, as shown
in Fig. 11, lower panel. Here, two of the most inten-
sive atomic (585 nm) and ionic (337 nm) Neon lines are
presented, with the intensity given in absolute units.
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Fig. 9 Expanded view of a neon emission spectrum with
0.06 nm wavelength resolution. The lines could be clearly
identified as demonstrated for a selected sample of lines.
Ton lines are indicated in blue and an atomic line in this
region in red
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Fig. 10 Emission spectrum of neon plotted together with a
filter curve to select three atomic lines for the space-resolved
studies with the cameras for beam profile diagnostics

Again, a positive slope (super-linear increase in inten-
sity) can be seen for the atomic line at higher pressures,
indicating contribution of secondary processes playing
a prominent role, while quenching processes diminish
the intensity of the ionic line significantly.

In order to study if, and how much, in particular
recombination plays a role in the excitation process
for the atomic lines, we have pulsed the ion beam, set
the monochromator to the 696.5 nm line of argon and
recorded time-resolved light emission data (Fig. 12).
The result is similar to the one obtained for excimer
emission studied in Ref. [25]. There we had modeled
the time spectra to obtain time dependent electron
densities and electron temperature in the ion beam-
induced plasma. The delayed increase of intensity in
recombination-driven light emission is explained by
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Fig. 11 Intensities of selected atomic and ionic lines versus
pressure for argon (relative units, Ar I (atomic) and Ar II
(ionic), upper panel), respectively neon (absolute emission
rates, atomic line: red circles, ionic line: blue squares), lower
panel. Collisional quenching is readily observed for the ionic
lines in both argon and neon (see also text for an interpre-
tation). Examples of the pressure dependence to very low
values are shown in the lower panel

cooling of the electrons following their primary pro-
duction with up to keV energies. A delayed onset
of emission (laser effect) was also observed for ion
beam-pumped recombination lasers [14, Fig. 9 therein].
Some recombination from higher ionization (ArIIl and
higher) contributes also to the emission of the 476.5 nm
line of ArIl but only at high pressures and at a signifi-
cantly lower level (Fig. 12 lower panel).

The upper levels of the ionic lines are predomi-
nantly directly excited in primary collisions and increas-
ingly quenched by collisions with target atoms at ele-
vated density in competition with the optical transi-
tions (no cascades, recombination, and molecule for-
mation assumed). Note, the excitation energy of the
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Fig. 12 Time spectra recorded for an atomic (“neu-
tral”)(top) and an ionic (below) line of argon. The delayed
emission is due to transitions following recombination (see
also text)

observed lines is larger than the ionization potential of
the respective neutral atoms. Any collision between a
neutral atom and an excited ionic species thus usually
results in a quenching process of the excited level by
ionizing the neutral collision partner. This process can
be described by a direct population rate oNj and de-
population by the optical and collisional transitions:

AN*/dt = oNj—N* Ay —koNN*. (1)

Thereby N™ is the population density of the upper level,
o the excitation cross section, N the target density, j the
flux density of the ion beam, Aj the optical transition
rate, and kq the rate constant for collisional quenching
(to be determined in the following way). For a constant
ion beam flux we have equilibrium conditions and thus
dN"/dt = 0.

0 = oNj—N"A;x—kNN* and thus (2)
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Fig. 13 Intensity of the 454.5 nm ArII line (see also Fig. 10)
plotted with a linear intensity scale and fitted by Eq. (5).
The fit results in P2 = 25.7 + 1.7 mbar

N* = oNj/(Au + ko). (3)

This leads to a formula for the intensity I ( ~ Aj
N*) of the ion lines versus the measured pressure p:

I(p) ~ I(N)~ AuN" = AjoNj/(Aix + kN)  (4)

Introducing two fit parameters P1 and P2, (4) can be
rewritten with N proportional to pressure p and divid-
ing numerator and denominator by kq N to:

I(p) = P1/(1+P2/p). (5)

Here, P1 represents a relative intensity proportional to
the ratio between light emission and quenching ( ~ Ajy
/kq), while P2 represents the ratio between light emis-
sion and quenching, normalized to the particle density
N at pressure p: P2 = Ay / kq * p/N, essentially indi-
cating the pressure where the quenching rate k, *N
equals the optical transition rate Ajy.

N can be converted into p by N/p = 2.7 x 10%*¢/(cm3
mbar) for normal conditions. Then:

kq = Aj/ (P2 % 2.7 x 10'® /mbar cm?). (6)

An example is shown in Fig. 13 for the analysis of
the 454.5 nm (4p2P3/2°—482P3/2) ArII line.

Equation (6) provides a collisional rate constant k
= (6.8 & 0.4) x 107! ecm?/s, based on a tabulated Ajy
value of 0.47 x 10® /s [39]. The three Ar-ion lines which
have been measured showed collisional rate constants
between ~1.5 and 7 x 10! ecm3/s. This corresponds
to collision cross section o, on the order of 1071° cm?
and collision radii of 10® c¢m (v = 300 m/s thermal
speed and < o.v > = kqa3 x 10 em?/s) in good
agreement with atomic dimensions.
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Fig. 14 Comparison of ion beam (black) and electron beam
(red, slightly shifted to the red for clarity)-induced spectra
in the region of ion lines of neon. At higher gas densities
the spectra are very similar. At low pressure the ion lines
are almost entirely excited by the heavy ions only. Please
note that the depicted intensity values are normalized to the
target gas pressure (i.e., density)

3.2 Comparison of ion beam with electron
beam-induced spectra

A technique, indeed originally invented for comparing
the primary ion-projectile and secondary electron exci-
tation, was used to study the difference between ion
beam and electron beam-induced spectra in the sense
of Fig. 2. Low energy electron beam excitation simu-
lates the secondary electrons [12]. The technique has
meanwhile been widely used for electron beam-driven
vacuum ultraviolet light sources and their applications
[40].

A comparison of ion- and electron beam-induced
spectra for identical gas targets is shown in Fig. 14. This
clearly demonstrates the predicted behavior that ion
beam excitation at elevated gas density occurs mainly
via secondary electrons (very similar spectra). At low-
target gas density the ion lines are only excited by the
heavy projectiles.

3.3 Spectra of krypton, xenon, and nitrogen

In this chapter we very briefly discuss some aspects of
the emission from species for which we have recorded a
more limited amount of data. For the case of krypton,
Fig. 15 demonstrates that neutral (KrI) and ionic (KrII)
lines appear in the same spectral region with similar
intensities. This would make an application for beam
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profile measurements with optical filters more compli-
cated than for neon and argon where the neutral and
ionic lines form separate bunches. Krypton thus has not
been investigated any further.

Only one spectrum has been recorded for xenon
(Fig. 16). Besides a vast amount of only weak lines,
there is a distinct underlying continuum visible. Since
there was no obvious bright, doubtlessly identifiable,
and with optical filters easily separable structure recog-
nizable, xenon has been (for the time being) discarded
as a promising target for beam profile measurements,
and has not been studied within the framework of this
project.

Nitrogen may be of interest for beam profile measure-
ments. It has been studied by P. Forck and F. Becker
in more detail [16]. In Fig. 17 we show nitrogen spec-
tra for target gas pressures between 0.1 and 15 mbar.
As in the case of neon and argon lines, the neutral
lines appear with reduced intensity at reduced target
gas pressure. For nitrogen the effect is especially pro-
nounced because the neutral emission bands of nitrogen
(C — B, so-called second positive system) start at a
level (C) which is not connected with the ground state
by an allowed transition. Electron beams can drive this
transition more easily than heavy ion projectiles. This
discrepancy will become even more pronounced for the
beam profiles, as will be discussed below

4 lon beam profile measurements

A 32§ jon beam from the Munich Tandem accelerator
was sent through a 1 mm diameter aperture into the
target cell. Since the last magnetic quadrupole dou-
blet has a long focal length of about 4 m it could be
assumed that the beam has the same 1 mm diame-
ter at the point of observation a short distance behind
the entrance aperture. We assume that scattering off
the rim of the aperture and angular scattering in the
entrance foil (when used) and the few cm of gas do
not influence the beam shape noticeably. Therefore, the
profiles are a measure of the quality of the profile mon-
itor.

The three cameras (ATIK 383L + , PI-Max4 1024f,
ProEM + 512B), always equipped with the same
apochromatic lens, were used to take pictures of the
beam-induced light emission. An example of the raw
data is shown in Fig. 18. Note that while low energy
electron beams do not form collimated beams, the
shape of the excited volume can nevertheless also be
studied with similar optical methods [41].

4.1 lon beam profile measurements in neon
and argon

Assuming optically thin plasma, the data from Fig. 18
represent a projection of the beam-induced light into
the detector plane. Defining a region of interest per-
pendicular to the ion beam axis leads to data like those

@ Springer
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Fig. 15 Pressure series of
ion beam excited Krypton.

scaled to peak 431.85nm
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Fig. 16 A heavy ion beam-excited 300 mbar xenon spec-
trum in the visible range between 400 and 600 nm is shown.
Relatively weak lines additionally to an underlying weak
continuum are present

shown in Figs. 19 and 20. These figures show the pro-
jected beam profiles for neon and argon over a wide
pressure range and for the ion- and atomic lines selected
by the appropriate filters. Whereas the ionic lines indi-
cate always essentially the same profile, the atomic lines
show a profile which widens up going from high pres-
sure target gas to lower pressure and becomes nar-
rower again toward even lower pressure. This can eas-
ily be understood in connection with the discussion of
Fig. 2. The broad wings appearing for the atomic lines
at pressures around 1 mbar are caused by secondary
electrons which can strongly excite the atomic lines in
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single collisions but not those of excited target ions. At
higher pressures like the 50 and 100 mbar data shown in
Figs. 19 and 20 the range of the secondary electrons is so
short that excitation by the electrons occurs “locally”,
i.e., well within the 1 mm beam diameter. For low tar-
get gas pressures the range of the secondary electrons
is very large in comparison with the ion beam diameter
so that excitation around the ion beam, modifying the
profile, can be neglected.

A quantitative study of track radii of ion beams has
recently been performed for liquid argon in the con-
text of particle detectors [21]. A key information in
that study is that 66% of the energy deposited by an
ion beam in liquid argon is confined in an inner core
of about 10 nm diameter around the ion path. A con-
version to 1 mbar in the gas phase leads to ~12mm
radius for the inner core, consistent with the dimensions
observed here for the atomic lines. (Please note that a
major part of the ion beam produced energy deposition
in a target stems from secondary electrons!).

We have so far used "beam profile” as ”projected
beam profile”. In cases where a “real” radial beam
profile j(r) has to be known, data from the projected
light intensity measurements can be converted to radial
profiles when assumptions of low optical density and
azimuthal symmetry of the beam are valid. The conver-
sion is achieved by Abel inversion of the data for the
“projected profiles”. An example is shown in Fig. 21.
The radial profile obtained by Abel inversion is signifi-
cantly narrower than the projected profile. This can be
understood by some simple, but not trivial, geometrical
considerations.
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Fig. 17 Comparison of
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Fig. 18 Sulfur ion beam interacting with a 1 mbar
argon gas target. This photograph was recorded with an
ATIK383L + camera through a 740 nm Filter and the lens
described in the text

4.2 Beam profile of molecular nitrogen emissions

A comparison of beam profiles recorded through fil-
ters for 337 nm (neutral nitrogen molecules, C-B, v =
0-0 transition) and 391 nm (ionized nitrogen molecules,
B—X transition) shows an interesting effect: The selec-
tion rules allow only the secondary electrons to excite
the neutral C-states leading to the emission of 337 nm
Ny (C — B) light, with no contribution of direct exci-
tation by heavy ions (Fig. 22); thus, no central core is
visible. On the other hand, and as with ionic line emis-
sion in, e.g., argon or neon, heavy ions strongly excite
the ionic Ny (B2X,T) level, with some additional con-
tribution of energetic electrons, as seen in the wings of
the profile.

T T
360 370 380 390 400

wavelength (nm)

5 Effective excitation cross sections

Beam profile measurements are necessary in electron
and heavy ion beam accelerators. We hope that this
study, together with qualified estimates for the individ-
ual situation, can help to predict the achievable signal
to noise ratio and the required exposure times for future
beam diagnostics. Therefore, we have measured typical
effective excitation cross sections of light emission for
the present data obtained with the 32S beam. “Effec-
tive” means that we have not tried to disentangle the
processes discussed above and in connection with Fig. 2.

The measurements were performed using the ATIK
383L + , ProEM + , and PIMax-4 camera systems,
as typical representatives of a non-intensified CCD,
a so called “electron multiplier CCD”, and an MCP-
intensified CCD camera, respectively. Light from dif-
ferent optical transitions was selected by using filters.
Cross sections for individual lines can be estimated from
the intensity ratios of the spectral lines.

Absolute intensity measurements are often difficult.
Here we have calibrated the sensitivity of the lens-
camera systems, using pictures recorded of an abso-
lutely calibrated tungsten strip lamp (OSRAM Wil7/G
with calibration data sheet). The calibration technique
is described in detail in Ref. [28]. The result for the
filter-selected ionic and atomic lines of argon and neon
are shown in Figs. 23 and 24, respectively. Regions
where the titanium entrance foil for the ion beam was
used and regions with differential pumping are indi-
cated. The results show again additional population
processes for the atomic lines at elevated pressures and
collisional quenching, predominantly of the ion lines,
above a pressure of about 1 mbar. Values for the low-
est pressures can be interpreted as being valid for cross
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Fig. 19 Beam profiles recorded for argon at different tar-
get gas pressures. Projected intensity values derived directly
from the raw data are shown, demonstrating the difference
in spatial distribution of atomic lines (red) versus ionic lines
(black). The widening for pressures around 1 mbar for the
atomic lines is due to secondary electrons as explained in
the text

sections for direct excitation of the upper level of the
optical transition in question—may be with some feed-
ing from higher lying levels — without contribution of
recombination or excitation by secondary electrons.

A detailed description of the cross section measure-
ment is given in Ref. [3]. In short, light emitted from
the ion beam excited plasma is wavelength-selected by
optical filters. An intensity-calibrated lens-camera opti-
cal system, as described above, has been used to record
the beam-induced light emission. The recorded light sig-
nal was integrated over a defined region of interest, and
the according beam volume element has been deter-
mined by measuring the magnification-ratio of the lens-
camera system. Absolute (electrical) ion beam current
was measured prior to data-taking in the evacuated gas
cell, using a calibrated end-cup with 100 V suppressor
voltage applied. Relative beam intensities were recorded
during measurements. Cross sections were normalized
to particle beam currents, using the accelerator-selected
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Fig. 20 Beam profiles recorded for neon at different tar-
get gas pressures. Projected intensity values derived directly
from the raw data are shown. The widening for pressures
around 1 mbar for the atomic lines (red curve) versus ionic
lines (black curve) is explained in the text

ion charge (8 + , respectively 10 4 for some measure-
ments) in case of differential pumping and no addi-
tional entrance foil applied, and 13.5 + | the equilib-
rium charge state for 2.7 MeV /u S-ions [42], in case the
Ti-entrance foil was used and the selected 8 + beam-
ions were further ionized. A jump in the emission cross
section, due to higher charge and thus higher specific
stopping power of a single ion, can be seen at the pres-
sure where both, differential pumping and entrance foil
data were used (Figs. 23, 24).

Effective optical excitation cross sections then have
been derived by:

number of emitted photons L, 4* A
Ixt N

g =

Here A = n- (0.5 mm)? = 0.785mm? is the cross-
sectional area of the beam. N is the number of target
particles in the volume V = A - Ipicel, with the pixel
width Ipigel, the width of the image of a pixel at the
position of the beam.

The charge of the ions is q, the electrical beam cur-
rent is I and the exposure time is t. Error bars indicate
the statistical errors and include systematic errors as
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Fig. 21 Example of an Abel inversion of a projected profile
(black, wide) into a radial profile (red, narrow). Interestingly
there is a large difference. The Abel-inverted profile is much
narrower than the profile obtained from the raw data
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Fig. 22 Measured projected beam profiles of 0.1 mbar
nitrogen, excited by a 1 mm diameter 32S-beam. In the pro-
file, measured via the 391 nm ionic nitrogen transition, a
“beam-core”, as well as a secondary electron-induced halo
is visible. In the 337 nm (neutral) profile, only the electron
halo is represented, since the heavy ions cannot excite the
337 nm upper level

far as they could be measured. Please note that multi-
ple “beam times” have been used to receive the data,
with each time setting up the accelerator from anew.
The consistency of the data, as well as rare outlier data
(e.g., value for Ar-740 nm, 6 x 10~* mbar), indicates
thus the overall reproducibility of the total setup.

Due to the spectrally wide separation of the neutral
(atomic) and ionic (n + 1)p — (n + 1)s transitions in
neon and argon, the respective multiplets can easily be
separated by filters and observed as one entity (indi-
cated in Fig. 25 as “ionic fraction”, respectively “neu-
tral fraction”). This would give essentially an order of
magnitude more light, compared to the observation of
single lines, as shown in Fig. 25, without compromising
too much on the specifics of ionic or neutral transitions.
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Fig. 23 Effective (see text for explanation) cross sections at
various gas pressures for the ionic (blue, mainly 476.5 nm)
and atomic (red, mainly 738.4 nm) argon lines, indicated.
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(blue, lower indication) data set, respectively, explaining the
difference in the emission cross section ”jump” due to dif-
ferent charge states of the projectile
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Fig. 24 Effective (see text for explanation) cross sections at
various gas pressures for the ionic (blue, mainly 337.8 nm)
and atomic (red, mainly 585.2 nm) neon lines indicated

A slightly different behavior of excitation and
quenching is represented by nitrogen: Here, the absolute
excitation energy of the ionic B-state is not sufficient
to ionize neutral nitrogen molecules in energy transfer
collisions. Thus, the apparent emission cross section for
the No™ 391 nm emission is essentially constant over
the entire observed pressure range, since no quenching
takes place. Correspondingly, the cross section for the
neutral nitrogen 337 nm-band emission decreases con-
tinuously with decreasing pressure, as shown in Fig. 26.
Here, only secondary electrons contribute to the upper
C-level excitation; they escape more and more from the
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Fig. 25 Effective (see text for explanation) cross sections
at various gas pressures for the two argon bands, indicated.
Additionally shown are the effective emission cross sections
of the total 4p emission multiplet of the ionic and neutral
argon states (from [3])
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Fig. 26 Effective (see text for explanation) cross sections
at various gas pressures for the two nitrogen bands indicated
(from [3])

observed volume with decreasing pressure. No 337 nm-
nitrogen emission could reasonably be detected below
5 x 10~* mbar target pressure.

For scaling purposes, one set of data has been mea-
sured, using a 14 MeV proton beam. Here, only a rela-
tively low beam intensity of ~ 5nA was allowed because
of radiation protection regulations. Thus, the minimum
pressure for any reasonable signal was 10~3 mbar in
case of the 585 nm Neon line (Fig. 27). However, as
can be seen in Figs. 23, 24, 25, no large modifications
of the cross sections due to secondary effects are to be
expected below this pressure range.
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Fig. 27 Effective (see text for explanation) cross sections
at various gas pressures for the ionic (blue) and neutral (red)
neon line bands indicated, excited by a 14 MeV proton beam
(from [3])
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