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Abstract

A new radiation hard profile monitor is being researched
and developed for the North Area Beamlines at CERN. The
monitor must have a spatial resolution of 1 mm or less, an
active area of 20 x 20 cm, a low material budget ( 0.3%) and
be operational in a beam that has a rate of ~2x10!! p/s in the
full energy range of 0.5 — 450 GeV/c. The current focus is
the study of different detection mediums: silica optical fibres
(Cherenkov radiation) and glass capillaries filled with liquid
scintillator. Prototypes of the different fibre candidates have
been tested at different beam facilities at CERN: the M2
beamline and IRRAD. The key properties tested are the light
yield and radiation tolerance.

INTRODUCTION

Since the late 1970s, Multi Wire Proportional Chambers,
Delay Wire Chambers and Filament Scintillators have been
used in the North Area Beamlines to provide the profile and
positions of the beams [1]. However, the performance of
these detectors is now degrading due to aging effects and
there are limitations on the maximum intensity at which
they can operate. As part of an upgrade to the beamlines,
starting from 2027, the majority of these detectors will be re-
placed [2]. For the low intensity beamlines (~ 108 particles
per spill), a scintillating fibre detector called the eXperimen-
tal Beam Profile Fibre monitor (XBPF) will be installed [3].
The XBPF consists of a single array of 192 plastic scintil-
lating fibres (SCSF-78) from Kuraray with a square cross-
section and 1 mm thickness. Each fibre is individually read-
out using si-pm’s. A photograph of an XBPF is shown in
Fig. 1. For the high intensity beamlines (~ 10'! particles per
spill), the XBPF is not expected to have sufficient radiation
tolerance, therefore a new radiation hard profile monitor is
currently being researched and developed. Ideally the new
detector will have a similar silhouette to the XBPF, but the
active medium will be replaced with a material that has a
higher radiation tolerance. This article describes the differ-
ent detection mediums that are being studied and presents
recent beam test results.

DETECTOR REQUIREMENTS

The new radiation hard profile monitor has the following
requirements:

e active area of 20 cm x 20 cm,

* alow as possible material budget (~0.3% X)),
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Figure 1: The XBPF detector.

* a spatial resolution of 1 mm,

* measure particle rates from ~ 10* to ~ 10!! in the full
energy range of 0.5 — 450 GeV/c,

» operational up to 2 MGy, equivalent to a minimum of
8 years of operation, and

« operational in vacuum (10~3 mbar) and in air.

ACTIVE MEDIUMS

Two different active materials are currently being studied:
silica optical fibres and silica capillary fibres filled with
liquid scintillator.

Silica Optical Fibres

Silica optical fibres are widely used in the telecommuni-
cations industry. They consist of a central silica core sur-
rounded by a cladding layer which has a lower refractive
index, enabling the transmission of light via total internal
reflection. A well-known phenomenon is the production of
Cherenkov light in silica fibres when charged particles pass
through them [4]. Often for data transmission in high radia-
tion environments, for example high energy physics experi-
ments, this is an unwanted source of background. However,
for some applications, this phenomenon can be exploited as
a signal, such as Beam Loss Monitors [5].

The Cherenkov light peaks in the UV wavelengths and
is emitted in a cone relative to the impinging particles di-
rection. The angle depends on the refractive index of the
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material and the velocity of the charged particle, which is
expected to be ~ 40° in silica for relativistic particles [6].
Silica quartz is known to be more radiation hard compared
to plastics [7]. There are, however, two consequences of ir-
radiation damage that will effect the performance: radiation
induced attenuation which decreases light transmission and
a change in the refractive index [7].

For fibre testing, multimode optical fibre’s were purchased
from Thorlabs with two different diameters, 600 um and
1000 pm. These fibres where cut to 20 cm lengths using a
ruby fibre scribe. Additionally, quartz glass rods of 1000 pm,
and length 20 cm were purchased from Hilgenberg GmbH.
These rods have no cladding and therefore have a higher
refractive index gradient with respect to air, hopefully in-
creasing the trapping efficiency of the light.

Capillary Fibres

Capillary fibres are small tubes of quartz glass with a hol-
low core. They propagate light via total internal reflection if
you fill them with a material with a higher refractive index
than glass. One option is to fill them with liquid scintilla-
tor. Traversing charge particles will produce scintillation
light which will then be propagated towards the end of the
fibre. Liquid scintillators are intrinsically more radiation
hard than plastic scintillators. From literature, it was found
that the light yield of liquid scintillator EJ-309! decreases
25% per 0.5 MGy compared to a 30% decrease per 10 kGy
for plastic scintillators [3, 8]. Also from literature, liquid
scintillator BC-599-13, was found to have no change in light
transmission up to 1 MGy [9]. Radiation damage will occur
in the quartz glass capillary but as long as the refractive
index remains lower than the liquid scintillator, light should
still propagate.

Two different glass capillaries were purchased from
Hilgenberg GmbH, both with length 20 cm and an outer
diameter of 1000 um. One fibre type had a inner diameter
of 580 um and the other, 800 um. A larger inner diameter
will give a larger light yield but are more breakable. The
capillaries were filled with liquid scintillator EJ-309 from
Eljen Technology. The refractive index of the scintillator is
1.57 and the wavelength of maximum emission is 424 nm.
The liquid was contained in the fibre by gluing both ends
using NOAG61 UV cure optical adhesive [10]. A photograph
of a liquid filled capillary is shown in Fig. 2.

Figure 2: A liquid filled capillary when exposed to UV torch.

BEAM TESTS

Different fibre tests have been performed at two different
beam facilities at CERN: The M2 beamline and IRRAD.

1 EJ309 liquid base containing 16% of the fluorescent dye DSB1
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The M2 Prototype

The M2 beamline is part of the North Experimental
Area CERN. Currently the M2 beamline can provide high-
energy and high-intensity hadron beams, at a momentum of
280 GeV /c and a maximum rate of 103 particles per spill.
The line can also provide muons and electrons [1]. A proto-
type device has been installed 69 m from the target.

A photograph of the M2 prototype is shown in Fig. 3.
The prototype is made up of three different fibre sections
with 64 fibres each of: 1000 um optical fibres, EJ-3009 filled
capillary fibres with inner diameter 580 pm, and 600 pm
silica optical fibres. They are readout individually by the
si-pms on the XBPF readout board. The prototype can be
rotated around the y-z axis and is mounted on a linear motor
along the y-axis. A blackbox is placed over the prototype
during operations.

Figure 3: The M2 prototype rotated at 45°.

IRRAD Tests

IRRAD is a proton irradiation facility at CERN. IRRAD
provides a slowly extracted primary proton beam of mo-
mentum 24 GeV /c delivered in spills with a maximum in-
tensity of 5 x 10'! particles per spill over a duration of
~ 400 ms [11].

A quartz silica rod and a EJ-309 filled capillary (inner
diameter of 800 um) were installed at IRRAD to test their
light yield and light transmission while being irradiated up
to 2.85 MGy. The rod and fibre were each attached to a 30 m
1000 pm silica optical fibre (glued using NOA61), known
as a transport fibre, to transmit the light from the irradiation
area to a CMOS camera in the barracks. Two 12 V halogen
bulbs where programmed to flash in between spills of the
beam to check the light transmission. A photograph of the
IRRAD setup is shown in Fig. 4. A blackbox is placed over
the setup during operations. The exposure of the camera was
set to 500 ms to ensure the full particle spill was captured
and optical filters were placed over the end of transport fibres
to stop camera saturation.
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Figure 4: A quartz rod and EJ-309 capilary fibre installed
at IRRAD. Two halogen bulbs are seen on the left and the
transport fibres are seen on the right (blue cladding).

RESULTS

The M2 Prototype

The M2 prototype was tested with a mixed hadron beam
with a momentum of 190 GeV/c and a rate of ~ 3 x 10°
particles per spill. A nearby scintillation paddle was used to
trigger the detector and reduce noise. Example profiles are
shown in Fig. 5, measured when the prototype was placed
45° relative to the beam. Insufficient signal was measured
in the silica fibres when the prototype was perpendicular to
the beam. A higher signal was measured in the capillaries
compared to the silica optical fibres (30% compared to the
1000 um silica fibre), as expected. A 76% lower signal
was measured in the 600 um compared to the 1000 pm. The
reduced signal when comparing the 600 um and the 1000 um
silica fibres is not linear, this could be accounted for by the
inconsistent cutting techniques that may result in varied
light losses. A summary of the beam profile ¢ and average
efficiencies are shown in Table 1.

Table 1: M2 Prototype Results Summary

Fibre type Profile ¢ Efficiency %

1000 um 3.50 + -0.03 46.4

EJ-309 Capillary  3.92 + 0.04 64.8

600 um 3.57 £ 0.01 15.1
IRRAD Tests

The IRRAD setup, as shown in Fig. 4, was installed for
one week. The average rate was 5 x 101! particles per spill
and there were limited periods of no beam. The max dose
reached was 2.85 MGy in an area of 10 x 10 mm?. An
example image taken by the camera when the bulbs were
flashing is shown in Fig. 6. The integral of each light spot
was calculated and plotted for each spill as a function of the
timestamp for when the bulb was flashed and when the beam
was traversing. The light transmission and the light yield

for the quartz rod are shown in Figs. 7 and 8 respectively.
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Figure 5: Beam profile measuring using 1000 pum silica
fibres (top left), EJ-309 capillaries (top right), 600 um silica
fibres (bottom).

Both the light transmission and light yield decrease expo-
nentially with a 66% drop in transmission and a 95% drop in
light yield. The bulb emits a wide spectrum of wavelengths,
whereas Cherenkov light peaks in the UV. The lower light
yield may be due to increased absorption in the UV wave-
lengths. Increased light transmission is seen during short
periods over the week which correlate to periods of no beam.
This increase is due to annealing. The light transmission and
the light yield for the EJ-309 capillary are shown in Figs. 9
and 10 respectively. The light transmission only fluctuated
3%, suggesting a negligible difference in light transmission,
as reported in literature [9]. The light yield decreased 50%.
These results suggest that the radiation tolerance of the EJ-
309 capillary is higher compared to the quartz rod.
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Figure 6: An example image from the CMOS camera when
the bulbs are flashing. The light from the quartz rod is seen
on the left and the capillary is shown on the right.
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Figure 7: Light transmission of the quartz rod.
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Figure 8: Light yield of the quartz rod.
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Figure 9: Light transmission of the EJ-309 capillary.

CONCLUSION

The beam profile monitors currently installed in the North
S Area Beamlines need to be replaced and upgraded. A scin-
f tillating fibre detector, called the XBPF will be installed
£ in the lower intensity beamlines (~ 10% particles per spill).
These devices do not have the required radiation tolerance
for the higher intensity beamlines (~ 10'! particles per spill),
therefore a new radiation hard profile monitor is required.
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Figure 10: Light yield of the EJ-309 capillary.

Silica optical fibres and liquid scintillator filled capillary
fibres were tested as options for a new active material replac-
ing the scintillation fibres. From tests performed at the M2
beamline CERN and IRRAD, it was found that liquid filled
capillaries have a higher radiation tolerance, in terms of both
light transmission and light yield compared to silica quartz
rods. This R&D effort is still ongoing. The M2 prototype
needs to be tested at higher particle rates to check that si-
pms do not reach saturation. Additionally, a new fibre type
will be tested: hollow core optical fibres [12] filled with a
scintillation gas will be qualified later this year.
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