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Abstract

We investigate two well known ultraviolet—visible
(UV-VIS) photon emission processes from highly charged
uranium ions with energies of 300- 700 MeV/u. By com-
bining theoretical models with estimates from the litera-
ture, we evaluate fluorescence yields from air and transition
radiation from surfaces. Experimental studies with slow-
extracted U73* beam at the high-energy beam transport line
at GSI-FAIR confirm the feasibility of single-ion detection,
with prototype detectors achieving up to 99.5 % efficiency.
These findings suggest UV-VIS emission as a robust method
for fast, radiation-hard single-particle counting.

INTRODUCTION

High-energy, high-intensity heavy-ion beams are essential
tools for exploring new physics and probing fundamental in-
teractions at facilities such as GSI-FAIR [1]. Reliable, fast,
and radiation-hard diagnostics, capable of sustained perfor-
mance over extended periods, are essential prerequisites for
their successful operation. In this paper, we summarize the
primary mechanisms of UV-VIS emission from relativistic
heavy ions in air and on metallic targets, and highlight the de-
velopment and testing of a prototype detector that harnesses
this emission for efficient, radiation-hard particle counting.

BEAM-INDUCED FLUORESCENCE

Beam-induced fluorescence (BIF) in pure gases is a well-
established phenomenon [2] with wide applications in beam
diagnostics [3,4]. Air fluorescence studies with electrons
over a wide energy range of 500 keV to 50 GeV [5-8], with
protons at 120 GeV [9], and with 0.3-5.1 MeV a-particles in
radioluminescence studies [10], reports a yield of = 20 pho-
tons per MeV of energy deposited in air in the 300420 nm
band under conditions close to normal temperature and pres-
sure (NTP).

Air fluorescence at atmospheric pressure (1013.25 hPa) is
dominated by the second positive (2P) system! of N,, with
only a small contribution from the first negative (1N) system
of N3. Within the 2P system, the 2P(0,0) band at 337.1 nm
is the strongest single feature, accounting for = 25 % of the
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! The second positive (2P) system refers to electronic transitions in neutral
nitrogen, N, (C3T1,, - B31'[g), while the first negative (IN) system
corresponds to transitions in the nitrogen ion, N; (BZZ; - X2 Zg) [11].
Individual bands are denoted as 2P(v,v”) or 1N(v,v”), where v and
v/ are the vibrational quantum numbers of the upper and lower states,
respectively. For example, the 2P(0,0) band at 337.1 nm arises from the
v = 0 - v/ = 0 transition of neutral N, while the 1N(0,0) band at
391.4nm corresponds to the analogous transition in N3.
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yield, while many other 2P bands together contribute far
more than the 1N(0,0) band at 391.4nm [5,12].

Collisional quenching, i.e. non-radiative de-excitation of
excited molecules by collisions, reduces both the fluores-
cence yield and the radiative lifetime. In air, the fluorescence
yield increases with pressure due to higher molecular den-
sity, but this is counteracted by quenching. For a given gas
composition, the pressure dependence of the yield for a
v — V' transition, Y.~ (P), and of the corresponding excited-
state lifetime 7, (P), is described by the Stern—Volmer equa-
tion [11, 13]:
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where Y0, and 79 are the radiative yield and lifetime of
the v —» V' transition in the absence of quenching. The pa-
rameter PV is the characteristic Stern—Volmer pressure of
state v, defined as the pressure at which collisional quench-
ing and radiative decay occur with equal probability. For
the 2P(0,v”) and 1N(0, v”) transitions in air, the values are
PO = 15.3hPa and P° = 1.2hPa, respectively. At atmo-
spheric pressure (1013.25 hPa), the corresponding quench-
ing factors, 1 + P/PY, are 67.2 and 845.4. Thus, quenching
reduces the lifetime of the 337.1 nm band from 38.9ns to
0.57 ns, and that of the 391.4 nm band from 65.2 ns to 77 ps.
These values have been experimentally confirmed for the 2P
system, whereas the very low yield of the 391.4 nm band and
the presence of neighboring 2P bands (e.g. 380.5 nm and
399.8 nm) present practical challenges for accurate lifetime
measurements of the 1N system [13].

Apart from collisional quenching, the dominance of the
2P system in atmospheric air is further reinforced by a sig-
nificant fraction of N converting to excited 2P states of N,
rather than emitting via the 1N system [2, 14]. The dom-
inant pathway for this re-population of N,(C>II,,) in the
2P system proceeds via the formation of Ny, followed by
dissociative recombination with an electron [15].

As fluorescence is driven mainly by cascades of low-
energy secondary electrons generated during ionization by
the primary charge, precise calculation of their energy depo-
sition is essential for reliable estimates of the photon yield
in any experimental geometry [14]. For the present study,
we estimate the number of photons for the experimental
ion beams (Table 1) by calculating the energy lost by pri-
mary ions using the Bethe—Bloch formula and assuming a
geometry in which all of this energy loss is deposited in the
medium.
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TRANSITION RADIATION

Transition radiation (TR) is the electromagnetic radiation
emitted when a charged particle moves across an optically
inhomogeneous region like the interface between two me-
dia with different dielectric properties. Optical transition
radiation (OTR) i.e., TR in the visible range was proposed
for beam diagnostics in 1973 [16] and has since become
widely used technique. Extensive studies have quantified
how the yield, polarization, and angular/spectral distribu-
tions depend on incidence and observation angles, energy,
radiator material, surface roughness, and wavelength [16—
18].
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Figure 1: Charged particle beam incident normally on the
target.

The spectral-angular intensity of backward transition radi-
ation (BTR) for a particle of charge Ze and velocity § = ¥/c
crossing at normal incidence from vacuum (¢, = 1) into a
medium with dielectric constant ¢, = ¢, as shown in Fig. 1,
is given in the literature [19]; by substituting dw = % da,
dQ = sin 6 d6 d ¢, and dividing by the photon energy hc/ A,
the corresponding double differential photon yield can be
written as:

7262 B2 sin> 6 cos? 0]1 — ¢|

meghcA (1 — B2 cos? 6)2

(1+ﬂ\la—sin20—ﬂ2) ()
(1 +ﬁ\/g—sin29) (\/e —sin? 0 + gcosB) .

The radiation is linearly polarized in the plane of observa-
tion (spanned by the surface normal 7 and observation direc-
tion k) and, for normal incidence, is azimuthally symmetric.
The formula for forward TR (FTR, emitted into medium 2)
follows from Eq. (2) by the usual substitution g — —f. For
normal incidence, BTR and FTR have essentially identical
spectral and angular distribution.

Using tabulated optical constants of Al, we calculate the
dielectric function & (1) = (n(1)+ik(1))2[20]. Integrating
Eq. (2) over 6, we obtain the UV-VIS photon spectrum, and
an additional integration over A in the range 300—700 nm
gives the photon yield estimates, which are summarized in
Table 1. By integrating only over 1, we obtain the angular
distribution of TR, as shown in Fig. 2. In contrast to flu-
orescence, which is isotropic, TR exhibits a characteristic
angular distribution that depends on the ion energy, the target
surface geometry, and the angle of incidence.

2
dN(4,0) = drdo
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BTR Angular Distribution for U2+ on Al
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Figure 2: OTR angular distribution.
Table 1: Calculated Yields (300-700 nm) for U%2* in Air

Energy Fluorescence
T (MeV/u)  deposited photons TI:r IZE?;;):‘:
(MeV/mm) ~ (mm-1) P
300 =32 =~ 63 = 79
500 =25 =~ 49 ~ 124
700 ~22 ~ 44 = 16.4
RESULTS AND DISCUSSION

First experiments were performed to demonstrate a proof-
of-concept ion detector based on UV-VIS emissions. Two
detector configurations were studied in ambient air (NTP).
Detector A consisted of a 5 x 5 x 5cm? empty paper box
with a 1 x 3cm? window through which the PMT observed
the signal perpendicular to the beam path. Detector B con-
sisted of a stack of 100 aluminum foils, each 18 pm thick,
separated by 0.1 mm gaps; the spacing was chosen to ensure
that the OTR yield exceeded that from air fluorescence as
evident later in the text. The detectors were coupled to a
Hamamatsu R6427 PMT and operated in coincidence with a
standard BC400 scintillator providing the trigger signal. Sig-
nals were recorded with a Tektronix MSO58 oscilloscope.
A schematic of the experimental setup is shown in Fig. 3.
The setup was placed 90 cm downstream of the exit flange
in air, corresponding to beam energies at the detectors of ap-
proximately 288, 491, and 692 MeV/u. The interaction with
exit flange material followed by the air path were sufficient
for the ions to reach their equilibrium charge state of =~ 91.

Oscilloscope

Reference
SCI

Figure 3: Schematics of Experimental Setup.

Detector

The corresponding amplitude distributions are shown in
Fig. 4, where each histogram is annotated with the sample
mean, standard deviation, and the number of ions detected
out of 10% shots. Insets display representative single-ion
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Signal Amplitude Distribution for Detector A
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Figure 4: Signal Amplitudes Distribution for Detectors A
(top) and B (bottom). Insets: typical detector and trigger
waveforms for a single ion.

waveforms with amplitudes close to the sample mean. On
average, four detected photons produced a pulse of 30 mV at
the chosen PMT settings. A threshold corresponding to six
times the noise standard deviation was applied to the detec-
tor signals for ion counting. For Detector A, the single-ion
detection efficiency exceeded 99.5 % at all beam energies.
Both the mean signal amplitude and its spread increased
with energy. For Detector B, the efficiencies were 68.1 %,
80.5 %, and 93.7 % at 300, 500, and 700 MeV/u, respectively,
with the mean amplitudes and standard deviations likewise
increasing with energy. Figure 5 summarizes the timing
characteristics of the detectors. The left and right histograms
show, respectively, the distribution of the relative time dif-
ference between the detector-signal peak (negative) and the
50 % of falling edge of the reference scintillator (trigger)
signal, and the distribution of the signal full width at half
maximum (FWHM). For Detector A, the mean arrival times
vary within 0.2 ns, consistent with the expected delay for
ions traversing =~ 20 cm between the detector and the refer-
ence scintillator at 300-700 MeV/u. The measured FWHM
values are around 2.56 ns, also broadly in agreement with
the characteristic PMT rise time of 1.7 ns and the fluores-
cence lifetime of the dominant 2P line, 0.57 ns. The broader
distributions observed for Detector B are attributed to the
much smaller signal amplitudes (low signal-to-noise ratio),
complex interactions of charges with alternating foils and
air gaps, and additional dispersion introduced during signal
transport through narrow gaps.

Estimates of the number of photons from air fluores-
cence, summarized in Table 1, decrease with energy in
the 300-700 MeV/u range, reflecting the Bethe—Bloch 1/ >
trend which is in contradiction to the observations to detector
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Figure 5: Timing Characteristics for detectors A (top) and B
(bottom).

A. Although some OTR contribution from the paper inter-
face is expected for detector A, this cannot account for all
the UV-VIS yield increase with ion energy. For Detector B,
the per-cell OTR yields are 15.8, 24.7, and 32.7 photons at
300, 500, and 700 MeV/u, respectively, while fluorescence
from the 0.1 mm air gaps contributes an additional 6.3, 4.9,
and 4.4 photons per gap. Optical modeling of the detector
geometry and angular distributions of sources indicates an
overall transport efficiency of only ~1% of OTR photons to
the PMT with the remainder lost to multiple reflections. The
BIF photons reaching the PMT in this geometry would be
negligible owing to isotropic emissions.

It is evident that the simple description of ion-induced
air fluorescence based on cited empirical studies are in-
adequate to explain our photon yield observations from
detector A. It appears that a detailed modeling of sec-
ondary and cascade electrons in the detector volume cov-
ering all the relevant chemical pathways needs to be in-
cluded e.g. ionization quenching [21]. In addition, contri-
butions from other neglected radiation channels such as
polarization Bremsstrahlung [22] and secondary-electron
Bremsstrahlung [23-25] has to be quantitatively assessed.
Nevertheless, these proof-of-concept experiments with pro-
totype detector assemblies demonstrate robust single-ion
detection efficiencies validating the approach to be applica-
ble for fast, radiation-hard single particle counting both in
air (detector A) and vacuum (detector B).
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