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Abstract

Non-intercepting Beam Induced Fluorescence (BIF)
monitors measure transversal beam profiles by observation
of fluorescence light originating from excited residual gas
molecules. Thus they are an alternative to conventional in-
tercepting devices. Single photon counting is performed
using an image intensified digital CCD camera. We inves-
tigated the BIF process in the energy range of 7.7 keV/u to
750 MeV/u in residual nitrogen. Experiments at low beam
energies were performed at a Marx-accelerator (NDCX) at
Berkeley Lab [1] whereas mid and high energy experiments
were carried out at GSI accelerators [2, 3]. Especially in
the vicinity of targets the neutron-generated radiation level
limits the monitor’s signal to background ratio. Therefore
the radiation background was investigated for different ion
species and particle energies. Background simulations us-
ing a Monte Carlo transport code are compared to experi-
mental data taken with scintillators, thermo luminescence
detectors and the BIF monitor. Alternative image intensi-
fier techniques are presented as well as shielding concepts.
Furthermore the dynamics of ionized nitrogen molecules in
the electric field of intense ion beams is discussed.

THE BIF METHOD AND APPLICATION

When beam ions collide with residual gas molecules,
some molecules are ionized remaining in an excited state
with a certain probability. In a Np-dominated resid-
ual gas composition, a strong fluorescence at 390 nm <
A < 470 nm (blue), of about 60 ns lifetime, is gener-
ated by a transition band to the N electronic ground state
(B*%} (v') — X257 (v”) 4, for vibrational levels v) [4].
’Single-photon counting’ was performed with a commer-
cial image intensifier [5], equipped with a double Micro-
Channel Plate (MCP) for up to 10°-fold photo-electron am-
plification. Green light from a P46 phosphor screen of 300
ns decay time is taper-coupled to a digital CCD camera
with a IEEE-1394a interface [6]. The device is mounted
on a fused silica viewport at a distance of 20 cm from the
beam axis. Remote controlled CCTV lenses with focal dis-
tances of 8 to 25 mm, lead to typical resolutions of 100-500
pm/pixel. Beam profiles were recorded on a single shot
basis. To select specific transitions, 10 nm narrow band in-
terference filters were installed in the optical path. A more
detailed description of the experimental setup can be found
in[7,8,9,11].
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Figure 1: Beam profiles of a 10uA 5.4 MeV/u Ni®* beam
in 10~3mbar nitrogen, recorded with spectral filters [9].
The NJ profile @ 391nm shows a o of 1.lmm whereas
N profile @ 337nm has a o of 2mm.

This paper will focus on issues related to the challenging
beam parameters of the FAIR-facility [3] like energies well
above 100 MeV/u in considerable loss induced radiation
environments and E-field induced profile falsifications for
intense and strongly focused beams. During the last years
the BIF method was applied successfully at the GSI heavy
ion LINAC for various ion species and energies between
5 and 114 MeV/u [7, 8, 9]. An additional setup was in-
stalled behind the heavy ion synchrotron SIS-18 in a high
energy beam transfer line (HEBT) close to a dump. Due to
the beam energy between 60 and 750 MeV/u this location
allowed to determine the radiation impact on the detector
performance. In addition this part of the beam pipe was
separated by vacuum windows so that residual gas densi-
ties from base-pressure 10~% mbar up to atmospheric pres-
sure could be applied. Systematic investigation of profile
falsifications have shown that beam profile width remains
constant up to nitrogen pressures of about 1 mbar and also,
that Ny transitions lead to increased profile width >40%
compared to ionic N transitions [9], see Fig.1. Cross
sections for heavy ion induced transitions in NJ are pre-
dominant compared to electron induced transitions. Un-
like transitions in neutral working gases (N2) which show
enlarged beam profiles due to the secondary electron halo
[10]. Although the contribution of Ny transitions is < 20%
and in the near UV, it should be suppressed by optical fil-
ters and discriminated against the desirable N5 transitions
at (391, 428, 470nm) [9]. For typical beam parameters at
GSI LINAC and high energy beam transfer lines, profiles
recorded with the BIF-monitor complied with SEM-grid
(Secondary Electron Monitor) measurements within 10%
[11], see Fig.2.
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Figure 2: Beam profiles recorded with the BIF-Monitor
and a SEM-Grid agree within 10%. 1.5 us pulse of 2-10°
Xe*8t at 200 MeV/u in HEBT line [11].

RADIATION IMPACT ON THE MONITOR

In the vicinity of production targets like the p-target,
the Super Fragment Separator-target (SFRS), or solid tar-
gets for plasmaphysics, a considerable amount of beam
ions generates radiation which cannot be avoided. Our
experimental area in a SIS-18 HEBT line is located just
2.1 m from the beam dump (Fe). Since all beam parti-
cles are stopped in the dump, the generated dose is com-
parable to fixed target experiments [12, 13]. Therefore
radiation impact on the BIF-monitor was investigated in
a realistic environment. During the first campaign a spe-
cific scaling of signal amplitude and background level with
the beam energy was recognized [11]. Recent measure-
ments for slowly extracted uranium ions of complemen-
tary energies are in good agreement with the 2005 data,
although an Intensified CCD-camera (ICCD) with a differ-
ent response characteristic and reproduction scale had to be
used, see Fig.3. However, the signal amplitude scales with
the Bethe Bloch law, whereas the background level scales
with ocE2. With Li% Li” thermoluminescence dosimeters
>83% of the total dose was determined as neutrons [14]. A
semi-empirical neutron production yield for heavy ion pro-
jectiles >5 MeV/u in thick heavy metal targets estimates
neutrons per incident projectile, where N7 is the neutron
number of the target and E'p is the incident projectile en-
ergy in MeV/u, see Eq.1 [13].

1.5-107¢

NY/®

Y = BR (ALY + APNe L (D)

This neutron yield scales with E2, like the background
level recorded with the BIF-monitor. Therefore the neu-
tron flux in our experimental cave as well as the neutron
energy- and TOF spectra were simulated with the Monte
Carlo transport code PHITS for a 200 MeV/u Xe*®+ beam
[12]. With fast plastic-scintillator-based, neutron sensitve
detectors we recorded decaying background levels which
complied with the simulated TOF-spectra [11]. The total
simulated neutron flux per incident projectile and area in-
tegrated over all neutron energies is equally distributed and
amounts between 10~2 and 10—, which is more than 1000
neutrons on the Sem? photo cathode for 10%, 200 MeV
Xe-ions per pulse. The simulated neutron energy spectrum
(see Fig.4) predicts energies E,, >1 MeV for <20% of the
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Figure 3: The total signal amplitude (top), background
level (middle) and signal-to-background ratio (bottom) as
a function of energy for the investigated ions. The signal
amplitudes for Xe and Ta were normalized by their charge
and mass with respect to U. The background was normal-
ized with respect to the mass only.

generated neutrons. Since the thermal neutron peak at ~
4-10~8MeV [15] was cut off in that simulation, the low-
energy part of the spectrum is even more predominant. As
charged particles have even shorter ranges in matter (dump,
beam-pipe, camera housing), shorter lifetimes <ms , or
both - the essential contribution to the total radiation dose
at the detector is neutrons and neutron-induced gammas.
The signal to background ratio decreases by two orders of
magnitude for E'p from 60 to 600 MeV/u. One order is due
to increasing background level in this energy range. Thus
the radiation impact on the intensified camera system has
to be reduced.

ICCD VS. EMCCD CAMERA

One way to reduce the background contribution concerns
the camera sensor and the radiation total cross section for
alternative sensor materials. Our ICCD camera is equipped
with a S-20 multi-alkali (NayKSb)Cs photocathode which
was identified to cause the background signal [11]. An-
other competing technique is the silicon- based Electron
Multiplying EM-CCD camera which has an additional gain
register, based on avalanche diodes between the shift reg-
ister and output amplifier, for single-photon detection ap-
plications [16]. The specific EMCCD sensor [17] we used
was thinned to 15 pm, back illuminated and Peltier-cooled
down to -80°C. Neutron and photon total cross sections
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Table 1: Relative radiation background levels normalized
to the 8 and 16-bit dynamics, dark noise subtracted.
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~1 order of magnitude higher radiation total cross section
for neutrons and gammas over the whole energy range, ex-
cept for energies with nuclear resonances from 107! to 10
MeV. If the cross section is normalized to the detector sur-
face and mass densities following Eq.2 (EMCCD/ICCD),
the silicon data (blue) has to be multiplied by a factor of
2.37 to obtain the relative camera sensitivity. Nevertheless
this estimation still predicts a lower radiation sensitivity for
the EMCCD camera.
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In order to check this prediction, we set up an experiment to
compare both camera systems [5, 19] with identical source
to sensor distances (c-mount = 17,52 mm + 4 mm for
Pb-shielding), see Fig.6. As radiation sources, we used
60Co (76 MBq) and 241Am (3.52 MBq) as y-emitters and
a 24 Am-Be hybrid source as neutron emitter (2.1-10*n/(s
47)). All 7y energies are listed in [18] and neutron energy
spectra have been measured with a TOF-energy spectrom-
eter as E,, between 1 and 10 MeV with peaks at 3 and 5
MeV [20]. For the Am-Be source we had to discriminate
the neutron radiation against the 24! Am ~y radiation with a 4
mm Pb shielding between source and camera system. This
way there was just ~1 primary ~y left per 100 neutrons at
the detector surface. In this experiment we averaged over
100 images of 1 s integration time. Radiation background
levels are listed in Tab.1. The EMCCD camera showed a
12-times higher dark noise level but in the radiation tests,
the ICCD camera was between 2.0 and 3.4-times more sen-
sitive for ~y radiation and still 1.5-times more for neutrons
and neutron induced ~ radiation, which a priori cannot be
distinguished from each other.

Second part of this comparison was the camera perfor-
mance working as a BIF-monitor in single photon detection
mode. For that purpose we installed both systems one af-
Transverse profile measurements and diagnostics systems

238

Figure 5: Total neutron and gamma cross sections for S-20
(weighted, red) and silicon (blue) from databases [18].

ter another at the GSI LINAC beamline with reproducible
beam parameters (1.2 ms, 60 uA, Ni'3T), Ny pressures and
the same lens (f=16 mm, f/1.4). Exemplary for five dif-
ferent pressures, relative signal amplitudes are shown in
Tab.2. For pressures > 5-10~% mbar the ICCD camera
showed a 30-times higher signal amplitude, for pressures
below it was even better, due to its negligible dark noise
level Tab.1. This aspect can be understood with respect to
Fig.7 and Fig.8, where BIF images and corresponding pro-
jections are plotted. However, the EMCCD camera had a
5-times higher resolution, because of constantly small sin-
gle photon spots, even at highest gain levels compared to
the ICCD which showed increasing spots sizes for increas-
ing gain levels.

FM

CCQ camera

=

e N, ——
Figure 6: Photograph of the experimental setup. Radiation
tests with Am, Co ~ sources and a Am-Be neutron source

in front of EMCCD and ICCD camera.
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Table 2: Relative signal amplitude normalized to the 8 and
16-bit dynamics, dark noise subtracted.
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Figure 7: BIF-images of an 1.2 ms, 60 pA, Ni'* beam in
10—4 mbar Ns, recorded with a ICCD (left) and a cooled
EMCCD (right) [19].

FIBEROPTIC IMAGE BUNDLE

Another way to approach the radiation issue is to en-
close the detector system in an appropriate shielding. A
multi-shell concept for moderation and capture of MeV
neutrons and absorption of neutron induced -y radiation re-
quires a shielding thickness of ~1 m [21]. Since the imag-
ing is sensitive to the solid angle 2 by 1/72, it has to be
conserved. This can be realized by a telescope setup or a
fiberoptic image bundle, which maintains mechanical flex-
ibility, see Fig.9. In order to preserve the optical reso-
lution of the whole imaging system, the fiber size, pack-
ing density and active surface were adapted to parame-
ters of the MCP (10 pgm, 60 Ip/mm, 12x12mm). Only
for practical reasons the fiber bundle was coupled to the
ICCD with a 1:1 relay optics. The actual losses in the
relay optics, compared to direct coupling will be mea-
sured shortly, but a conservative estimate for the accep-
tance is NA~ [n - sin(arctan(1/(2k)))]*> = 3.1% with
f = 2.8. The 1.2m image bundle is specified to have a
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Figure 8: Projected beam profiles of a 60 A, Ni'?+ beam
in 10~* mbar N, recorded with ICCD (8-bit) and EMCCD
(16-bit) camera. To compensate the 5-times higher resolu-
tion of the EMCCD, profile was binned by a factor 5.
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Figure 9: The 1.2 m fiberoptic image bundle mounted at
the UNILAC test setup. In a later shielding assembly, the
fiber bundle will not be furled.

Figure 10: BIF-images of an 1.2 ms, 60 uA, Nil3* beam,
recorded with a ICCD in 2.5-10~° mbar Ny (left) and with
the ICCD mounted on the 1.2 m fiberoptic image bundle in
103 mbar Ny, (right), see Figure 9.

spectral tranmission of 35% at 400 nm. We measured the
total performance of the ICCD coupled to an image bundle
at BIF-setup at GSIUNILAC. As shown in Tab.2 (third col-
umn), relative signal amplitude decreases by a factor of 40
(5-10~° mbar), compared to the ICCD without the image
bundle. Whereas signal quality is maintained in this setup,
see Fig.10 and in particular, see Fig.11.

HOW THE E-FIELD AFFECTS PROFILES

Singly charged NJ ions are accelerated in the E-field of
an ion bunch. Their trajectories from the position of ex-

A ICCD & Fiberoptic Image Bundle
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Figure 11: Experimental conditions of Fig.10. Comparison
of profiles with the fiber bundle (blue) and without (red).
Averaged over 100 images to improve statistics.
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Figure 12: Monte Carlo simulation of projected NJ tra-
jectories in the electric field of 5-10' K+ @ 7,69 keV/u
in 3 ps, focused down to 0.3 mm as in the NDCX target
chamber [1].

citation to the crucial position of spontaneous decay and
photo-emission after a specific lifetime can be calculated.
Precise E-field modeling is the basis for a Monte Carlo
simulation code [22]. As for cos? charge distributions,
Maxwell’s equations can be solved analytically, this dis-
tribution was chosen to approximate the Gaussian charge
distribution in ion bunches. Trajectories had to be weighted
incrementally in time with the decay-frequency of excited
states (7=60ns). Finally all simulated trajectories (~25000
points per data-set) are projected and plotted as counting
rate, representing a beam profile. A 5-10'! K* beam @
7,69 keV/u of 3us bunch length was simulated as the blue
cos? distribution, see Fig.12. For E, ;=65 kV/m and
Ty+ a hollow shaped distribution (red) was obtained. GSI
beam parameters are currently not as critical as those, but
we are considering different working gases with shorter life
times.

CONCLUSION

The comparison between ICCD and EMCCD cameras as
BIF-monitors showed an intrinsically lower radiation sen-
sitivity for the EMCCD camera, namely a factor of 1.5
to 3.4, see Tab.1. Although the EMCCD’s relative signal
performance is a factor of 30 lower, it resolves beam pro-
files comparable to the ICCD-type, see Tab.2. This was
achieved due to its higher resolution (factor 5) with ap-
plied binning and due to its higher dynamic range (16-bit
for that specific model). For lowest light-intensity applica-
tions with few photons, another point for the EMCCD is
the 4-times higher quantum efficiency (for thinned, back-
illuminated sensors) leading to less shot noise and better
statistics [17]. Since former experiments with a front-
illuminated EMCCD, cooled to -12°C showed a signifi-
cantly higher noise level (~2.5 orders of magnitude), it
seems to be important that CCD and avalanche diodes are
cooled further down, even for short integration times (1us).
Especially in areas with critical radiation levels, EMCCD
cameras should be considered as serious alternative to the
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established MCP based ICCD systems. Second part of this
investigation proofed the principle of a fiberoptic image
bundle as an mechanically flexible alternative to telescope
optics. Even though its signal performance was a factor of
40 lower than for the ICCD camera without the bundle, see
Tab.2, we expect avoid most of the losses by direct coupling
to the sensor. In this case the performance of the bundle
should be limited just by its spectral transmission, which is
still 35% for the relevant wavelength. With the BIF mon-
itor embedded in an effective shielding, the image bundle
opens up the field of application to radiative environments.
We will set up a shielded BIF-monitor in a HEBT-line dur-
ing the next beam time shortly. Dynamics of working gas
ions have been simulated and identified as a considerable
source of error for high intense or strongly focused ions
beams, see Fig.12. To overcome this issue we currently are
testing alternative working gases with shorter lifetimes.
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