INFN/AExxx, LAL-xxx, SLAC-R-xxx

SuperB Detector
Technical Design Report

Abstract

This report describes the technical design detector for SuperB.
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1 Instrumented Flux Return

1.1 Physics Requirements and
Performance Goals

Calabrese, Lesiak, Cibinetto (3, 4 pages)

The principal task of the Instrumental Flux
Return (IFR) detector is the detection of muons
and neutral hadrons. These goals are realized in
in the large iron structure, needed as the magnet
return yoke.

Muons are considered as important messen-
gers of New Physics (NP) in the processes like
b — sptp, 7 — py, 7 = ptppt T —
pX, X = p, n(/)’f0~--7 Bs — M+H_, DY —
ptu~, to name but a few [?], [?]. Moreover,
their detection is crucial in a substantial part of
studies related to the determination of sides and
angles of the unitarity triangle which are based
on semileptonic decays of B mesons. Also, in
these decays, the sign of the lepton charge de-
termines the flavour of the parent heavy me-
son, thus providing one of the tags for the CP-
asymmetry measurements.

The IFR will also act as hadronic calorimeter,
thus providing the detection of neutral hadrons.
Among the latter, special attention is paid to
the Kg mesons reconstruction, which is realized
in conjunction with the information provided
by the electromagnetic calorimeter. The ability
to reconstruct the Kgs allows, in particular, to
compare CP-violation effects in the decay chan-
nel B — J/¥KY with those in B — J/¢ K.

1.2 Detector Overview

1.2.1 The Absorber Structure

Posocco, Benettoni (2 pages)

The SuperB Flux Return structure, used as
absorber material to identify muons, will be
composed by an hexagonal iron yoke constituted
by a barrel and two endcaps (see fig. 1.1). Each
of the two endcaps is, in turn, composed by
two doors, while the barrel is composed by six
sectors called sextants. All the main parts are
made of welded steel plates, with a thickness in
the range from 20 to 100mm. The geometry will
be almost identical to the Babar IFR. The main
difference will be given by the overall thickness
of steel of SuperB w.r.t. Babar.

The Babar barrel counted on an overall thick-
ness of 650 mm for the barrel and of 600mm for
the endcaps, while the overall thickness of the
steel in SuperB should be upgraded to a design
value of 920mm, to increase the particle identi-
fication capability of the flux return.

Inside proper slots of the flux return will be
lodged from 8 to 9 layers of scintillator, w.r.t.
the 17 layers of detectors present in Babar. The
first layer of detectors is at inner radius w.r.t.
to the first steel plate and the last layer will be
at outer radius, thus inside the steel only 6 or 7
slots will be needed to lodge the detector planes
(see fig. 1.2).

In order to minimize the cost, the baseline de-
sign foresees the reuse of all the Babar struc-
ture, which has got 17 slots for detectors, and in-
crease the steel thickness inserting metal plates
in those of the 17 slots that are left empty. The
nominal thickness of each detector plane, com-
posed by two perpendicular layers of scintilla-
tors and a box containing them, is of the order
of 25 mm, while the gap width of the Babar
wedges and doors have nominal dimension be-
tween 30 and 35 mm.

The 10 or 11 gaps not used by scintillators
will be filled with metal plates. To reach the
920 mm of design value there are 270 mm miss-
ing from the Babar parts in the barrel, thus the
gaps should be filled with plates of 25 mm in
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Figure 1.1: The IFR flux return structure.

the more comfortable case and 27 mm in the
worst case. According to preliminary measure-
ments, performed in the barrel gaps of Babar,
25 mm plates should fit in all the barrel, apart
maybe one or two gaps of the lower sextant,
where plates of 25 mm could require forced in-
sertion. The insertion of plates of 27 mm is
probably not feasible or could imply a difficult
insertion of large part of the plates, with nega-
tive impact on the cost and timing of the oper-
ation. The baseline idea for the barrel foresees
then the use of 25 mm thick metal plates that
allow to reach 925 or 900 mm of overall metal
thickness, depending on the number of detectors
layer that will be defined, 8 or 9.

Figure 1.2: Front view of a sextant of the barrel.

For the doors the amount of steel can reach,
by fitting the unused gaps, a thickness 50 mm
smaller than the barrel, thus 850 or 875 mm of
overall metal thickness. The doors geometry
allows to increase their overall thickness by
adding metal plates on the outer face, as it

was done in the forward doors of Babar, where
a plate of 100mm (4 inches) was added, on
the outer face, to increase the shielding w.r.t
background. This additional plate can also be
reused in the SuperB, reducing the need of
insertion of plates in the forward doors to 7
gaps, thus 175 mm of overall thickness of plates
to be inserted in order to reach the nominal
thickness of 920 mm.

In the backward door the addition of an exter-
nal plate 100 mm thick is not compatible with
the presence of the horsecollar as it limits the
movements needed for the opening and closing
of the doors, then the thickness that can be
added on the outer side of the backward door
must be minimized. In this case the filling of
unused gaps allows to reach an overall thickness
of 850 or 875mm, thus 45 or 70 mm steel plates
will be added on the outer face.

In order to define the maximum thickness that
can be added on the outer face of the backward
door, the opening movements of the doors
must be detailed and actual dimensions of the
horsecollar must be measured.

The metal composing the plates to be in-
serted in the unused gaps should match the
following criteria:

e Non magnetic material in order to avoid
increasing of magnetic forces on the coil

e small interaction length
e acceptable flatness
e convenient cost

In Babar a few layers where filled with brass
plates, but nowadays this choice would be very
expensive due to cost of copper, strongly in-
creasead in the last years. The choice might
then be stainless steel 304L with certified low
magnetic permeability. A reasonable value
of permeability, low enough to avoid affecting
magnetic field and increasing cost only for a
few percent, is a relative magnetic permeabil-
ity < 0.02. Further simulations of the IFR will
be performed to determine if all plates need to

SuperB Detector Technical Design Report



1.3 Backgrounds

be stainless steel or the outer layers (far from
the interaction region) could be magnetic, with
acceptable effect on magnetic forces. The use,
even partial, of standard magnetic steel (simi-
lar to the steel used for the present IFR) would
reduce strongly the cost of the upgrade.
Another difference of the SuperB IFR w.r.t
BaBar, will be in the connection between the
barrel wedges and the outer frame (cradle and
arches). As in SuperB the willing is to realize
the last detector layer outside the wedges, a use-
ful gap for detectors will be realized in between
the structure and the wedges, reducing as much
as possible the need of connection between the
two parts. The connections will be made only at
the corners of the wedges leaving available most
part of outer wedges top surface to lay down
scintillators. This will imply that all the in-
volved parts (cradle, arches, outer wedges) will
be modified in a workshop in order to modify
the relative coupling.

The increasing of thickness also imply an in-
creased weight of the overall structure, and on
top of that, the reduction of connections be-
tween outer structure and wedges reduces the
strength and stiffness of the overall steel body.
Thus the overall deformation of the structure
will be verified in detail to crosscheck that
stresses are not critical and deformations are
compatible with the overall precision needed for
such experiment.

Preliminary offers for fitting the gaps of Babar
with stainless steel plates 25 mm thick are
around 1MEuro. The cost of shipping from
US to Italy shall be added, about 0.5 MEuro,
while import taxes and duty are assumed to be
negligible. Modifications to cradle, arches and
outer wedges are required in order to allow the
outer layer of detectors, thus the overall cost of
the Flux Return in case of reuse of Babar IFR
should reach the order of 1.5 - 2 MEuro.

1.2.2 The Active Detector Choice
Calabrese (1 page)

The active detector choice

General layout

1.3 Backgrounds

1.3.1 Main background sources

Machine related background is one of the chal-
lenges for the SuperB detector and the back-
ground considerations influence several aspects
of its design. The IFR detector has been simu-
lated using SuperB FullSim based on GEANT4
and Bruno see Sec.[|. The results of these sim-
ulations show that the primary source of back-
ground are: radiative BhaBha events, Touschek
scattering, pair production, beam-gas scatter-
ing and photons from synchroton radiation for
a detailed description of the background sources
see Sec.[].

Among of these background sources for the IFR
detector the dominant one is due to the radia-
tive BhaBha events as will be explained later.
All these background sources produce a high-
energy primary e* or + that strikes a beam
line element within a few meters of the IP and
shower secondaries that can be charged or neu-
tral particles with energies ranging from sub-
MeV to several tens of MeV. These particle hit
the IFR and may affect the detector perfor-
mances and speed up the photodetectors aging.

1.3.1.1 Neutron Background

In this context there is a not negligible produc-
tion of neutrons via giant resonances formation
[7]. The neutrons produced with this mecha-
nism have energy of some MeV and they are
moderated by the interaction with the detector
material, they scatter back and forth on the nu-
clei both elastically and inelastically losing en-
ergy until they come into thermal equilibrium
with the surrounding atoms. At this point they
will diffuse through matter until they are finally
captured by a nucleus. For this reason the neu-
tron energy spectrum in the SuperB environ-
ment has a very wide range as shown in Fig.
1.3 where the neutrons are classified according
to their kinetic energy.

Since the neutron spectrum has so differ-
ent range, and the interaction with the matter

SuperB Detector Technical Design Report



1 Instrumented Flux Return

z(cm)

Figure 1.4: Neutron rate on IFR Barrel Layer 0
due to different background sources,
the rates are normalized to 1MeV
equivalent [8] .

B High Energy Neutron
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Figure 1.3: Neutron energy spectrum on IFR
barrel, the neutron are classified ac-
cording to their kinetic energy range
as high energy neutron, fast, ep-
ithermal or thermal.

strongly depends on it, it is standard to char-
acterize the neutron fluence from a source in
terms of an equivalent mono energetic neutron
fluence because the way as neutron interact has
a strong dependency on its energy for additional
details see. [8], [9], [10]. For this reason all the
neutron rates in this section are normalized to
the equivalent of a 1 MeV neutron .

The neutron background not only contribute to
the radiation dose of the IFR detector but it
is particularly dangerous for the SiPM, the de-
vices used for the detector readout, since they
are quite sensitive to radiation, infact if they
are exposed to an integrated fluence as high as
101 ney/em?(ne, is the equivalent number of 1
MeV neutrons on silicon) they can be severely
damaged (i.e. loss of efficiency, increasing of
dark current and rate [11]). In Fig. 1.4 is shown
the neutron nate on the layer 0 of the Bar-
rel due to the different background sources, the
rates are normalized to 1 MeV equivalent as ex-
plained above, and they include a safety factor
that takes into account the fact that the simu-
lation may not reproduce perfectly the reality.
As seen in Fig. 1.4 the main background
source is due to the Radiative BhaBha as dis-

cussed previously. The rate on Barrel layer 0
corresponds to a *** neutrons/cm? for a year,

these rates are acceptable for a 10 year Super B-
run and they are the results of a complex shield-
ing system described on Section 1.3.2.

1.3.1.2 Charged Particles

The background due to charged particles is par-
ticularly interesting since it can affect directly
the detector performances, since it can give fake
signal in the detector and affect the track recon-
struction and consequently the muon ID. In Fig.
1.5 is shown the rate for electrons and positrons
coming from different background sources, as
for the neutron the dominant source of the back-
ground are radiative BhaBha events. The rate
shown in Fig.1.5 are for a electron energy de-
posited ***; MeV that is the nominal threshold
we have chosen for the detector.

A high proton rate is observed in the IFR,
these protons are produced inside the scintilla-
tor in the reaction (n,p) in which the neutron is
captured by the scintillator material and a pro-
ton is emitted. The cross section for this process
falls as 1/v so it is more likely to happen when
the neutron has low energy, the resulting pro-
ton has a very low energy and for this reason
the corresponding deposited energy is low and
does not produce signal in the detector for this
reason this rate can be neglected.

SuperB Detector Technical Design Report
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Figure 1.6: Photon energy spectrum for IFR
Barrel Layer O .
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Figure 1.7: Photons Rate on IFR Barrel Layer 0
due to different background sources.
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Figure 1.5: Electron rate for the IFR Barrel
layer 0 due to different background
sources the threshold for the d
posited energy is *** MeV .

1.3.1.3 Photon background

All the background sources come from QED
events for this reason we studied also the back-
ground contribution coming from the photons.
The photon energy spectrum has a very broad
energy range as shown in the plot of Fig. 1.6
the lines due to neutron capture on Hydro-
gen (2.223 MeV), due to annihilation radiation
(0.512 MeV) and to the neutron capture on B’
(0.48 MeV) (the B1? is used for radiation shield-
ing see 1.3.2) are clearly visible.

Concerning the IFR the photon rate con-
tribute only to the radiation dose on the scintil-
lator and the contribution given by the high en-
ergy photons that convert is already taken into
account in the rate of charged particles. The
rate for photons on layer 0 of the barrel is shown
in Fig. 1.7 and even if it is high it is not expect
to affect the detector performance.

1.3.2 Background remediation

All the rates shown on the previous section are
the result of a complex shielding system mainly
implemented to reduce significantly the num-
ber of neutrons crossing the IFR, adding shield-
ing material has also the effect to reduced the
electron and photon rate. We implemented a

shielding system to the external structure of
the IFR and a inner shield to protect the IFR

layer 0. The shields are made of Polyethy-
lene ((CoHy)nHa2), Boron Loaded (5%) since
the polyethylene has a high hydrogen density
which slows neutron particles down so they can
be absorbed by the Boron since one of the iso-
tope, that compose the natural Boron, the B0
has a very high cross section for neutron cap-
ture. This shielding design implemented in the
SuperB Full Sim worked very well since it has
reduced the neutron rate of one order of magni-
tude.

“SuperB Detector Technical Design Report



1 Instrumented Flux Return

1.3.3 Radiation doses on the IFR
detector

1.4 Identification Performances

1.4.1 Muon Detection

Muons are identified by their penetration range
in the iron. Above 1.2-1.5GeV, depending on
the incident angle, muons penetrate all layers.
Non penetrating muons can be identified from
the measured range. More generally, pions sepa-
ration is reached through a combination of range
and hit pattern designed to identify the pion
hadronic interaction.

In the SuperB baseline design the iron from
BABAR will be reused, so many design parame-
ters are fixed. The main important question the
simulation should answer are already outlined in
the CDR:

e total amount of iron;
e number of active layers;
e size of the scintillation bars;

The SuperB full simulation 7?7 based on
GEANT4 is used to properly simulate the de-
tector geometry and the interaction of the parti-
cles with the elements of the detector geometry.

The data taken using the IFR prototype have
been used to validate the simulation, in particu-
lar the algorithm of digitization needed to gen-
erate actuall hits from the hits generated from
GEANT4 (gHits). Look at the prototype data
analysis section 77.

In the following, the studies of the detector
performances, will be based on the simulation
with the prototype geometry, not of the actul de-
tector. In the final version, all the plots and
numbers, will be obtained using the SuperB full
geometry.

As already outlined before, the criteria for
distinguish muons from hadrons is based on
the different interaction with the matter: muon
track typically release just one hit in each layer,
while hadrons can interact strongly in the iron,

generating a hadron shower with several lower
momantum particles, producing multiple hits
per layer. It is also possibile that few neutrals
(neutrons) are produced in the hadronic interac-
tion, thatcan travel long distance before release
an hit. In general for pion tracks the number
of consecutive active layers is smaller than the
muon tracks, on the same time, the average
number of hits per each hitted layer is higher
than the muons. The hits positions associated
with a track are fitted with a second order
polynomila function y = Y (z) and z = X (2),
where z is the lingitudinal coordinate (layer
position) and x and y are the two transverse
coordinates given by the hitted scintillator
bar. The hit residuals, summed in a y? =
St (Hit(i, Z1ager) — Hit(ygie(ayer)s 21ayer))?,
are useful to identify the muons as well as the
fitted parameters itself. The latter can be
compared with the expected direction that
comes from the inner detectors to help to
suppress part of the contamination from the
pion and kaon decays in fly before the first
layer of the IFR.

To summarize, we used a consistent set of 10
variables related to:

1. number of hits in the x- and y-view;

2. number of active layers for the x- and y-
view;

3. last layer touched, which is transalted in
number of interaction length, A;.¢;

4. track continuity;

5. x? of the hits to the tracks for the x- and
y-view;

6. parameters of the fitted track.

Distribution of some of the useful variables, as
a function of the track momentum, are reported
in Fig.1.8. Simple cuts these variables, gives
good pion rejection. But the experience from
BaBar experiment shows that a multivariate ap-
proach gives the best performances on the muon
identification even at lower energy when the

SuperB Detector Technical Design Report
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Figure 1.8: Distribution of the number of active layers, total number of hits and average number of
hits per active layer, as a function of the particle momentum for p (left) and m(right).
The dots represent the profile of the distribution.

muons stop inside the IFR volume. In particu-
lar, because of the correlations between the re-
constructed quantity, we used a non-linear mul-
tivariate approach like the BDT, which turned
out to be very powerful and robust toward sligth
changes in the inputs paramaters.

In these studies we did not use some informa-
tions that will be available with the full detec-
tor. In particular the amount of energy losses
in the calorimeter which have slightly different
distributions for muons and pions at low energy,
can be used to reduce the pion contamination

SuperB Detector Technical Design Report
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Figure 1.10: Muon efficiency as a function of
the momentum, with 7 mis-id rate

fixed in each momentum bin to be
2% (red) and 5% (black).

Table 1.1: Muon efficiency in 5 different bin of
momentum between 0.5 and 4 GeV.
The muon efficiency are reported
with two different requirements on
the pion efficiency rate.
P (GeV)
0.5-1.0
1.0-1.5
1.5-2.0
2.0-3.0
3.0-4.0

€us €x =2%  €uer = 5%

PG IR, SRS, R, PR,

at low momenta. An the DIRC response that
also could help to give informations at lower en-
ergy. The signal efficiency - backgroun rejection
curves (ROC) are reported in Fig.1.9 just as an
examples, in the 1.0-1.5 GeV and 2.0-3.0 GeV
range.

Signal efficiency

Background rejection versus Signal efficiency
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Figure 1.9: ROC curve after the BDT training
for muons in the 1.0-1.5 GeV range
(left) and 2.0-3.0 GeV range (right).
The horizontal line at 7 rejection ef-
ficiency of 95% and 98% are also re-
ported to gide the eyes.

The BDT are trained in different bins of mo-
mentum, from 0.5 to 4 GeV. The plot of the
muon efficiency as a function of the momentum,
with the pi-mis rate fixed at 2% and 5%, are re-
ported in Fig.??.

The performances are good and as expected

there is a drop in the signal efficiency below
1.5 GeV. The efficiency are reported in Tab.1.1.

With the segmentation and granularity studied
so far, about half of the pion contamination is
due to irreducible background from the 7 decay
in fly.

Rotondo (4 pages)
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1.5 Detector R&D

1.5.1 Module Tests and Results

Baldini, Cibinetto, Montanari (4 pages)

The Active detector technology, described in
[?], is the result of an extensive R&D program,
carried out in the last years and devoted to the
choice of the most effective component for each
detector part. In more details, the first studies
were mainly dedicated to:

e Scintillators
e Fibers

e Photodetectors

1.5.1.1 Scintillators

Given the large amount of scintillator needed
(~ 20 tons), our attention was attracted since
the beginning by the rather unexpensive scintil-
lator produced at the FNAL-NICADD facility
at Fermilab (?7), where the scintillator is pro-
duced in large quantities by extrusion and a thin
layer of T'iO5 is co-extruded around the active
core. This production method suits particularly
well our needs to produce long and thin scintil-
lator strips with the desired shape.

We tested a few sample of scintillator strips
of external dimensions: 1.0 x 4.5¢m? (already
available at the FNAL -NICADD facility) and
2.0 x 4.0cm?, considering two options on the
positioning of the fibers : fibers placed in an
embedded hole or in surface grooves. The dif-
ference in light yield has been measured to be
a~ 10% higher for the embedded hole option.
Since for long bars is very difficult to fill them
with the optical glue and given the small dif-
ference in light collection, we have chosen the
surface grooves as baseline option.

1.5.1.2 Fibers

Since the attenuation length of the scintillator
is rather short (=~ 35cm), the light produced by
the particle interaction has to be collected us-
ing Wave Length Shifting fibers, which brings it
more efficiently to the photodetectors. For our
application the fibers should have a good light
yield to ensure a high detection efficiency for
fiber lengths in the range: ~ 0.6 — 3m. The

time response was studied as well, since in the
first fase of the R& D program also the Time
readout option was considered.
We tested WLS fibers from Saint-Gobain
(BCF92) [?] and from Kuraray (Y11-300) [?].
Both companies produce multiclad fibers with a
good attenuation length (A ~ 3.5m) and trap-
ping efficiency (¢ ~ 5%) but Kuraray have a
higher light yield (see fig. 1.11), while Saint-
Gobain fibers have a faster response (~ 2.7ns
vs ~ 9ns for the Kuraray), which ensure a bet-
ter time resolution.

————— to be discussed
The most effective number of fibers was stud-
ied by measuring the light collected with cosmics
through 1,2,3 fibers placed on a scintillator bar
. As It can be seen on the right plot of fig. 1.11,
going from 1 to 2 fibers the gain in light yield is
~ 46%; going from 2 to 3 fibers the light yield
increases by ~ 13% with a total gain of ~ 65%
w.r.t. 1 fiber. So it’s not worth to put more that
3 fibers in the scintillator bars. The study is
still in progress, to better understand the above
behaviour.
Also the possibility of using clear fibers to bring
the light signal out of the detector has been
studied. As results, we have seen that 10m of
clear fiber (Kuraray type clear-ps, ¢ = 1.5mm )
reduces, as expected from an attenuation length
of ~ 10m, the amount of light by a factor ~3
(fig. 1.12). This possibility is desirable since
it would allow us to place the SiPMs in a re-
gion of the detector where the background ra-
diation flux is lower. It has though many dis-
advantages: first, in order to have an accept-
able amount of light we should use more fibers,
and that would increase sensibly the costs; sec-
ond, the routing of the fibers out of the detec-
tor would be very difficult, considering also that
the minimum bending radius would be ~ 15cm
for 1.5 mm fibers; third, this solution would re-
quire a larger area SiPMs which, in turn, means
higher dark noise and faster damage with radia-
tion. Given all these considerations we decided,
as baseline choice, to couple the SiPMs directly
to the WLS fibres.

SuperB Detector Technical Design Report
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Figure 1.11: Left:
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Figure 1.12: Left plot: comparison of the col-
lected charge with cosmics from a
MPPC (top) and a SiPM(bottom)
in the same conditions. Right:
charge collected before and after
10m of a ¢ = 1.5mm clear fiber.

1.5.1.3 Photodetectors

Recently developed devices, called Geiger Mode
APDs, suit rather well our needs to convert the
light signal from WLS fibers in tight spaces and
high magnetic field environment. These devices
have high gain (~ 10°), low bias voltage (<
100V), good Detection Efficiency (~ 30%), fast
response (risetime< 1ns), and are very small
(few mm?) and insensitive to magnetic field.
They also have a few drawbacks though, like the
rather high dark count rate (few 100 kH z/mm?
at 1.5 p.e.) and rather sensitive to radiation. At
present several companies produce GMAPDs.
We concentrated our efforts on the devices pro-
duced by by IRST-FBK [?], and MPPCs from
Hamamatsu [?].

Our first studies began with 1 x 1mm? SiPM
and MPPCs but, given the low amount of light
extracted out of the scintillator, with just one
fiber, we soon realized that we would have
needed larger devices to couple them with more
fibers, while keeping the active surface (and so
the noise) as low as possible. Most of our stud-
ies were then performed with (2 x 2mm?) FBK

Super B Detector Technical Design Reporgevices, since only 1 x 1mm? and 3 x 3mm?

MPPCs (too noisy) were available at that time.
The comparison between SiPMs and MPPCs
showed a lower detection efficiency of the for-
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mer (see fig. 1.12) but also a less critical depen-
dence, from temperature and bias voltage fluc-
tuations, of the main parameters like gain and
dark count rate. Custom devices from FBK,
with a rectangular active area optimized for our
needs (1.2 x 3.2mm?, and 1.4 x 3.8 mm?) were
produced and tested for the IFR prototype.

1.5.1.4 Other related studies

Several other studies were performed related to
the otimization of the detector performances.
The two most relevant are the fiber surface pol-
ishing method and the aluminization of the not
read-out end of the fiber.

The polishing of the fiber surface was investi-
gated to understand which material and type of
blade was optimal to obtain the best quality of
the surface (and so the optimal light transmis-

sion). We compared the fiber polishing quality
for natural and synthetic diamond blades, the

tests showed a  10% higher light transmission
for the natural diamond option.

Studies have also been performed to cover the
free end of the fiber with aluminum (through a
sputtering process) in order to reflect back the
light, otherwise lost. The result was that the
reflection coefficient, with the above technique,
is of the order of 50%. We are then consider-
ing the possibility to aluminize the free end of
the fibers to recover part of the light and to re-
duce the light yield reduction as a function of
the length.

1.5.1.5 New R&D studies...
1.5.1.6 Radiation Damage Studies

SiPMs, as most of the solid state devices, are
rather sensitive to radiation. In the superB en-
vironment we expect neutrons to be the main
source of background, at least at the IFR level.
An extensive program, started in 2009 with a
first test at the ENEA- FNG (Frascati Neutron
Generator) is currently ongoing to understand
the effects of intense neutrons fluxes on SiPMs.
Following this program, a test on low energy
neutrons (<~ keV’) has just been carried out
at the GELINA (GEel LINear Accelerator) fa-
cility in Belgium, and a test with higher energies
neutrons is foreseen in the next months.

The first irradiation test was carried out at the
Frascati Neutron Generator facility with neu-
trons of 2.5 MeV [?]. As a result, after a dose
(1MeV equivalent) of 7.3 x 10'%n/em?, we ob-
served an increase in the drawn current of about
a factor 30, of the dark count rate of about a
factor 10 higher and a reduction of the average
output signal (charge) of approximately a fac-
tor 3. While the increase in the dark current is
not a major issue by itself, the increase in dark
count and the reduction of the output signal
might causes a significant reduction of the de-
tection efficiency. This reduction was studied by
comparing the SiPM signal from cosmics before
and after the irradiation and was estimated to
be, in the worst case, of the order of 15%. The
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Figure 1.13: Comparison of the cosmic signal
distribution before and after the ir-
radiation, for a FBK 1mm? device.

above results are anyway not conclusive. The
quality of the SiPMs is fact rapidly improving
with time and new tests on recently produced
devices (e.g. with an initial dark count rate ~
factor 10 lower) are needed.

1.5.1.7 New Radiation Damage Studies

this might be included in the prvious para-

Since an important fraction of neutrons ex-
pected at SuperB are in the thermal energies re-
gion, a test at the GELINA facility (Geel, BE),
where a neutron beam of energy up to a few tens
of eV is available [?], has been recently carried
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Figure 1.14: The IFR prototype.
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Figure 1.15: The IFR prototype.

out on a set of more that 20 SiPMs from Advan-
sid, Hamamatsu and SenSL. Fore each device we
measured the dark rate and dark current every
minute and we regularly (~ every hour) per-
formed a I-V curve and a dark rate vs threshold
scan. For a few devices we also acquired the
dark noise charge spectra. A detailed analisys
is ongoing, preliminary results shows that.......

effects of temperature variation.
1.5.2 Prototype Test and Results
Cibinetto

1.5.3 Design and construction of the
IFR prototype

Once a baseline design was established, a full
depth prototype has been built and tested on

beam at the Fermilab Test Beam Facility 77,
on a muon and pion beam in the range of inter-
est for superB.

The main goal of the beam test was to measure
the detector performances: mainly the detec-
tion efficiency, the time resolution and the par-
ticle identification capability as a funcion of the
beam momentum. It was also a very useful test
bench to investigate and better understand the
assembly strategy and, possibly, to figure out
possible issues that might appear during the de-
tector costruction fase.

Fig. 1.15 shows a schematic view of the pro-
totype. It represent a section of 60 x 60cm?
of the IFR detector, with the full depth, and
an iron structure designed to have the possibil-
ity of moving the active layers in different po-
sitions, in order to change the scintillator-iron
segmentation and determine the most effective
for particle identification.

A total of 12 active modules, as summarized
in fig. 77 were assembled: 4 "standard” for each
readout (BIRO and TDC), designed as the base-
line technique, and 4 "special” to test the effect
of single components (i.e. larger fibers, different
photodetector etc...).

Fig. 1.16 shows the general internal struc-
ture of an active module of the prototype. The
structure is rather simple: two layers of orthog-

onal 5cm wide scintillating bars, ~ 50cm long
with 3 fibers housed in surface grooves for each

bars. For the TDC modules the scintillator bars
were 2 cm thick so a single layer was present.
Since the length of the fibers is different on
each module, to study the detection efficiency
and time resolution in different positions of the
IFR detector, the fibers are collected on cylin-
drical supports and then coupled to the SiPM
thanks to custom made plastic (plexiglas) cou-
plers. Their length span from 45 to 370 cm for
BIRO readout while are of a fixed length of 4m
for TDC readout.

The finers are coupled

The front end electronic that provide the bias
to the SiPMs, amplifies and discriminates the
signals, has been custom designed and is based

SuperB Detector Technical Design Report
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Figure 1.16: Scheme of an active module of the
prototype.
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on commercial amplifiers (MMIC BGA2748 |,
BGA 2716). Also the data acquisition and on-
line detector control systems have been custom
designed specifically for this setup.

1.5.3.1 Beam Tests

Beam Test Setup and data taking. To assess
the detection and identification performances
the prototype has been extensively tested
with a muon and pion beam. The beam was
provided by the Fermilab Test Beam Facility
at FNAL [cite]; muons and pions is produced
by means of a proton beam colliding on an
Aluminum target. The particle momentum
is selected by two dipoles and has a spread
of about 5-10% at 10GeV getting worse at
lower momenta. In the momentum range
we explore (1-10 GeV) the beam is mainly
composed by electrons and pions, with a
small fraction <5% of muons. Electrons have
been removed by Cherenkov signal used as
veto into the trigger. Muon and pions have
been selected, above 2 GeV, using another
Cherenkov signal; below 2 GeV no external
particle identification information was available,
so such data have been used only as cross check.

Four beam tests have been performed from
December 2010 to March 2012, in each test the
apparatus was slightly different due to improve-
ments and lesson learned from previous run,
nevertheless the basic concept is composed by
(maybe a picture can be useful):

e a slab of 16 cm of iron upstream of the ap-
paratus to “simulate” the material in front

of the IFR detector in the SuperB experi-
ment and to get rid of most of the electrons;

e two or three scintillator detectors with
PMT readout placed between the iron and
the IFR prototype as trigger;

e the IFR prototype;

e another set of scintillator detectors placed
after the prototype to select tracks going
through the prototype.

All the PMTs and Cherenkov signals have been
acquired with the prototype TDC system in
order to refine trigger requests offline.

Table 1.2 shows the data samples acquired
at different energies during the four beam tests
among with the trigger used.

beam min. muon pion  electron

momentum bias trigger trigger veto
(MeV/e) (kevt) (kevt) (kevt) (kevt)

1 50 - - 386

2 60 - - 236

3 126 134 89 155

4 101 106 76 129

5 262 87 158 25

6 230 218 230 100

8 236 375 413 125

Table 1.2: Beam test data sample.

1.5.3.2 Tests Results

The data from different data taking have been
fully analyzed in order to study the detection
performances and the muon identification ca-
pability of the IFR prototype that will be de-
scribed in details in the following paragraphs.

In addition to that a first result is about the reli-
ability and the operability of the apparatus: the
prototype has been operated for almost forty
days of beam test without causing almost any
loss of useful data showing that the system de-
sign is already mature for a full scale apparatus.
The count of lost channels is also very good: we
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Figure 1.18: Prototype detection efficiency as
function of the electronic thresh-
old.

had an infant mortality of just one channel over
a total of 237 and after almost one and an half
year of testing we end up with three missing
channels mainly due to shipping and handling
of the detector during the different installations.

Detection Performances. About the detec-
tion and track reconstruction performances the
main purpose was to confirm the R&D results
on a larger scale to assure that the system is
capable not only to detect particle hits but to
reconstruct three dimensional tracks passing
through it. Therefor not only the detection
efficiency is a parameter of a paramount

importance, but also the spatial resolution;
being the prototype be conceived to test the
working principle of the TDC readout option
too, the time resolution has been also evaluated.

The detection efficiency has been evaluated
using muon events passing through the entire
prototype and selected using the backward scin-
tillators. Results are reported i Fig. 1.17 for
the binary and time readout modules: the de-
tection efficiency clearly depends on the length
of the light path into the fibers that if different
from module to module, but in almost any case
is >95%. The only exception is for the module
in layer number two which has a light path of
almost 4 meters, such a long light path will not
be present in the final detector design. The de-
tection efficiency depends also on the electronic
threshold, Fig. 1.18 shows that, except for the
module with the long fibers (layer number two)
we have room rise the threshold from the cur-
rent nominal value, that is 3.5 photoelectrons,
to 4.5 (maybe 5.5) with very small efficiency
loss. All the results are consistent with the R&D
results.

Time resolution performances shown in Fig.
1.19 are also in agreement with our R&D re-
sults; the time resolution linearly depends with
the fiber length, deviations from the linear be-
havior are due to SiPM bias voltage overset or
underset. The average time resolution is about
1.2 ns and it’s enough to guarantee the spatial
resolution needed to match the physics perfor-

mance requirements; on the other hand there is
very little space for improvements in the time

resolution and moreover the risk of worsening
the performances with the aging of the photode-
tectors.

The last consideration is about the detector
occupancy; since one of the main issue of the
silicon photomultiplier technology is the dark
rate, the noise level has been carefully evaluated
both with random trigger and special cut on
the time hit. In both cases the average strip
occupancy due to the readout is about 1.7%.

Muon ldentification Results
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Figure 1.19: Time resolution as function of the
fiber length.

1.6 Baseline Detector Design

1.6.1 System Layout

Cotta, Calabrese, Carassiti, Cibinetto (4, 5
pages)

Module concept. Before going into the
details of the detector design let’s summarize
the main points, discussed so far, which have a
substantial impact on the overall system layout.

The IFR system must have high efficiency for
selecting penetrating particles such as muons,
while at the same time rejecting charged
hadrons (mostly pions and kaons) in a wide
momentum range, from approximately 0.5 GeV
to 5 GeV.

The possibility to reuse the BaBar iron
offers a cheap solution for the flux return
structure, on the other hand it introduces
some mechanical constraints which have a
significant influence on the detector design: the
available space for the detection modules is
limited by the dimension of the existing gaps
(25mm), and the amount of absorber material
is limited to ~ 90 cm of iron. In addition the

clarence and path for cables and other utili-
ties is also fixed by the existing structure design.

The other major constraint is due to the
machine background that can affect the system
by reducing the particle identification perfor-
mances and speeding up the detector aging.

The maximum rate of charged particle on the
IFR detector is located in the forward endcap,
close to the beam pipe and, by means of a
detailed Monte Carlo simulation, it’s estimated
to be about xxx Hz/cm? decreasing rapidly
with the distance from the beam axis; particle
identification studies made on the same data
sample show that with the current background
estimation multiplied by a safety factor the
muon ID performances are still acceptable for
our system.

For what concern the aging of the pho-
todetectors the main hazard comes from the
high flux of neutrons originated by radiative
BhaBha background. Recent neutron irradi-
ation tests [cite Musienko] show that SiPM
devices continue to work at least up to a dose of
~ 10 — 10*n,,/cm? but with a considerable
increase of dark rate and dark current and
an associated efficiency loss of about 80%
depending on the cell size. From Monte Carlo
simulation we could estimate the neutron flux
on the detector that ranges from xxx Hz/cm?
to xxx Hz/cm?. We use such information to
identify a safe place for the SiPM.

R&D results have proven that, using 1x5 cm?
(1x10 cm?) strips, with three fibers for each
strip, it’s possible to build a detection module
2.5 m (1 m) long having a detection efficiency
> 98% applying a threshold high enough to
keep under control the dark count increase due
to the neutron irradiation damage. Moreover,
beam tests on a large scale prototype has
demonstrate the muon identification capability
and the reliability of the system.

The Kg identification is also a requirement
which has an impact on the detector design.
From Mote Carlo simulation and previous expe-
rience with the BaBar experiment maintaining

SuperB Detector Technical Design Report



16

1 Instrumented Flux Return

a.cr. 2012-04-23

Figure 1.20: a scintillator bar machined to host
three WLS fibers, the silicon pho-
tomultiplier and the carrier printed
circuit board (PCB)

the existing fine segmentation of the three inter-
nal layers is enough to retain the the capability
to use the IFR

Barrel: number of active layers, channels, ge-
ometry.

Endcaps number of active layers, channels,
geometry.

1.6.2 Chamber Construction and
Assembly

Andreotti, Baldini, Carassiti (3 pages)
module assembly procedure
tooling for module assembly

module QC procedures

1.7 Front-End Electronics

1.7.1 General Overview
Cotta (1 page)
1.7.2 Photodetectors and PCBs

The IFR will exploit extruded plastic scintilla-
tors to detect ionizing radiation crossing the ap-
paratus. The light from the scintillators will
be collected by embedded wavelength shifting
(WLS) fibers and guided to solid state sin-
gle photon detectors or silicon photomultiplier
(SiPM for short). The results of the preparatory
R&D activities suggest that three WLS fibers

should be installed in each scintillator bar; the
drawing below shows how the plastic scintillator
should be patterned to host the WLS fiber.

The baseline design for the IFR detector fore-
sees in fact that the photodetector would be ap-
plied at the end of each bar. A printed circuit
board (PCB) will be designed to support the
photodetector and the miniature connector to a
small diameter coaxial cable.

1.7.2.1 Photodetector PCB and optical
coupling to fibers

Figures 1.21 shows details of the assembly to be
installed at the end of each scintillator bar; the
SiPM is first viewed (from the solder pad side)

suspended in front of the machined notch where
it is lodged once the PCB assembly is installed.

The WLS fibers are guided by grooves machined
at the scintillator surface; the diamond-cut end
of the WLS fibers are positioned flush with the
SiPM notch.

a.c.r. 2012-04-23

a.c.r. 2012-04-23

Figure 1.21: details of the three WLS fibers and
the PCB for the solid state detector
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Figure 1.21 show the assembly in operation:
a micro coaxial jack such as the Amphenol A-
1 JB, soldered on the PCB, allows the connec-
tion of a small diameter coaxial cable; all coaxial
cables are routed out of the detector assembly
enclosure and reach the front end cards where
they are mass-terminated with a high density
connector as shown in Fig. 1.22 above.

i
E
E

Figure 1.22: a detail of the multi coaxial con-
nector assembly

1.7.2.2 Optical coupling to fibers

As Figure 1.21 shows, the coupling of the WLS
fibers to the solid state photon detector is de-
fined by means of machined grooves for the
fibers, of a notch for the SiPM and of threaded
holes for the PCB mounting screws (and even-
tually with hole for precision positioning pins).
Previous experience with the R&D prototype
construction allows to estimate that the rela-
tive positions of the fiber ends and the surface
of the photodetector can be controlled with a
precision in the order of 100um. Optical grease
or silicon pads can be used to improve the opti-
cal matching.

1.7.2.3 Photodetector location

The scintillator bars, fitted with the photo de-
tectors, will be enclosed in light-tight sheet-
metal boxes which will also provide mechani-
cal rigidity to the assemblies ( also referenced
as modules). Each active layer will actually be
composed by a suitable number of modules in-
serted in the space between two steel plates of
the magnetic flux return. It is to be said that
once the modules are installed inside the IFR it
will be impossible to perform any maintenance

on the majority of them without a major over-
haul of the detector; this is especially true for
the barrel portion of the detector. Fig. 1.23 be-
low depicts a view of the barrel section of the
IFR with a few modules of the innermost layer;
the modules envelopes are not drawn, to show
the locations of the SiPMs for the barrel; a sim-
ilar arrangement is foreseen for the active lay-
ers of the endcaps. The SiPMs are distributed
throughout the entire surface of an active layer
and they thus operate in a hostile radiation en-
vironment. The solid state photo detectors for
the IFR application will thus have to be chosen
on the basis of the results of irradiation tests
aimed at the evaluation the radiation induced
degradation of the photon detection efficiency.
This assessment of the radiation tolerance of the
SiPM has already been carried out for the de-
vices available at the time the IFR prototype
was assembled; more R&D and irradiation test
has to be planned before the final SiPM choice
is made, to characterize the promising newest
generation devices.

a.r. 2012-04-24

Figure 1.23: Location of the solid state detec-
tors inside the IFR barrel: the de-
tail shows IFR layer 0 detectors be-
longing to different modules (with
the enclosure of the modules re-
moved).
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For the modules subject to the highest inten-
sities of background radiation a special layout is
also being investigated in which the SiPMs are
relocated at more suitable positions by extend-
ing the WLS fibers length.

1.7.2.4 Photodetector choice

Different solid-state single photon detectors
have been and are being evaluated for the
IFR application because the technology is
rapidly evolving and it would probably be
best to commit to a specific device as late
as possible.  The devices more intensively
tested so far by the SuperB-IFR collabora-
tion are the Silicon Photo Multiplier (SiPM for
short) manufactured by the Fondazione Bruno
Kessler (FBK) and the Multi-Pixel Photon
Counter (MPPC) manufactured by Hamamatsu
[.7.2,4,2.7.2,5,2.7.2,6,2.7.2,7].

e The key parameters describing the perfor-
mance of a single photon detector are:

e the photon detector efficiency at the WLS
fiber characteristic wavelength

e the fill factor
e the optical cross-talk
e the dark count rate

e the sensitivity of breakdown voltage to
temperature variations

e the gain and its sensitivity to temperature
variations

The SiPM suited for the IFR application
should guarantee a detection efficiency better
than 95% when installed in a detector assembly
and should present a dark count rate at 0.5 p.e.
threshold in the range of a few 100kHz/mm?2
at room temperature and nominal bias volt-
age. SiPM devices satisfying these requirements
and maintaining, after irradiation, their perfor-
mances as close as possible to the required ones
will be finally selected for the instrumentation of
the IFR detector. Another parameter which will
be considered for SiPM device selection would
be the availability of detector geometries which

would minimize the unused surface area to min-
imize the ratio dark count rate/ signal rate; for
the IFR prototype, for instance, a special de-
vice run was commissioned to FBK and devices
tailored to the IFR prototype needs were manu-
factured. The IFR prototype had the majority
of the channels equipped with FBK SiPMs but
also had channels equipped with MMPCs and
both type of silicon photomultipliers performed
very well. The final choice will have to be made
after more irradiation tests aimed at evaluating
the sensitivity of the key device parameters to
the type and the dose of the SuperB radiation
environment. - Aging and background issues
The SiPMs by FBK and the MPPC by Hama-
matsu have been irradiated with neutron beams
at the Laboratori Nazionali di Legnaro [2.7.2,1]
and at the Frascati Neutron Generator to eval-
uate the effect of radiation on the devices key
parameters [x.7.2,2].

FBK

- ﬂ‘. xt.ommz  7exzeun M
A A A

Figure 1.24: the custom SiPM manufactured by
FBK for the IFR prototype

These tests showed that for neutron fluxes
above a few 108 neq/cm?2 the dark current and
the dark count rate begin to increase while
the device gain decreases; after a few 1010
neq/cm?2 the efficiency of a cosmic muon detec-
tor equipped with irradiated silicon photomul-
tipliers dropped from above 95% to around 75%
[£.7.2,2]. A 1MeV equivalent neutron flux of 3°
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A.CR.2009-11-12

Figure 1.25: a detail of the SiPM carrier PCB
with the MMCX connector

neq/cm?2 per year is expected [2.7.2,3] at the
hottest location of the innermost layer of the
barrel, for instance. The outcome of the irradi-
ation tests results would seem to advice against
installing the SiPM inside the IFR steel, where
an eventual replacement would require a major
overhaul of the detector and a long down time;
on the other hand to position the silicon photo-
multipliers in accessible locations would require
a long clear fiber spliced to the WLS fiber result-
ing in the loss of the photons available at the sili-
con photomultipliers, which would also compro-
mise the overall efficiency. Other topics to con-
sider are that the signal processing foreseen for
the binary mode readout of the detector is more
tolerant of device performance degradation than
the timing mode readout formerly considered
[£.7.2,8] and that new silicon photomultiplier
devices are being introduced which feature im-
proved radiation tolerance. The dose received
by the sensors could also be reduced by multi
material shielding layers which would thermal-
ize the neutrons from the beam halo, capture
the thermal neutrons and finally absorb the en-
ergetic photons resulting from these processes.
These considerations lead the IFR collaboration
to maintain the baseline design described above,

while scheduling more irradiation tests to evalu-
ate the radiation tolerance of the newest SiPMs

and the effectiveness of the shielding techniques.

1.7.2.5 Temperature requirements

Silicon photomultipliers operating point and pa-
rameters are influenced by temperature. In the
case of the IFR detector it is not foreseeable to
refrigerate the devices by means of thermoelec-
tric coolers and so we assume that the devices
will operate at the temperature of the flux re-
turn steel, whose temperature was controlled,
in Babar, by means of a chiller system. Rather
than control the operating temperature of the
silicon photomultiplier devices, the IFR envi-
ronmental control system will then periodically
correct the bias point of each device to com-
pensate for local temperature variations, a tech-
nique which was used, as described in Fig. 1.26,
in the latest beam tests of the IFR prototypes
[.7.2,9]. The outcome of extensive experiments
with the temperature compensation technique
is illustrated (see. Fig. 1.26, and 1.27) in the
work Compensation of the Temperature Fluc-
tuations in the Silicon Photomultiplier by Woj-
ciech Kucewicz, presented at a seminar in Fer-
rara in Feb. 2012.

Applyling bhe correction (I)
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Figure 1.26: compensation of temperature-
related SiPM gain shift by bias
voltage adjustments

1.8 Final assembly and
installation
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Figure 1.27: compensation of temperature fluc-
tuation in SiPM’s gain for FBK,
SenSL and Hamamatsu devices.
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1.9 ES&H issues

1.10 Structure of the IFR group

1.11 Cost and schedule
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