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ABSTRACT. New methods for efficient and unambiguous interconnedbetween electronic po-
sition sensitive detectors and target units based on nuglesographic emulsion films have been
developed. The application to the OPERA experiment, thasat detecting,, = v; oscillations

in the CNGS neutrino beam, is reported in this paper. In cmleeduce background due to latent
tracks collected before installation in the detector, imdarge-scale treatments of the emulsions
(“refreshing”) have been applied. Changeable Sheet (C&HRagues, each made of a doublet of
emulsion films, have been designed, assembled and couplbe ©OPERA target units (“ECC
bricks”). A device has been built to print X-ray spots for a@te interconnection both within the
CSd and between the CSd and the related ECC brick. Samplesiem@ilms have been exten-
sively scanned with state-of-the-art automated opticakosicopes. Efficient track-matching and
powerful background rejection have been achieved in tetgtselectronically tagged penetrating
muons. Further improvement of in-doublet film alignment wagined by matching the pattern
of low-energy electron tracks. The commissioning of theraléDPERA alignment procedure is
in progress.

KeywoRDs Particle tracking detectors; Detector design and coastm technologies and
materials; Large detector systems for particle and asttiofgaphysics; Detector alignment and
calibration methods (lasers, sources, particle-beams).

*Corresponding author.
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1. Introduction
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After decades of successful application in high-energysyasyexperiments, the nuclear photo-
graphic emulsion technique is still attractive for its uregtracking accuracy. Owing to the evo-
lution of fast automated optical microscope systems, itegntually meet the challenge of ever-
increasing scanning areas.
In fact, after the remarkable improvements of the techniquthe recent “hybrid” experi-
ments CHORUS [1] at CERN and DONuT][2] at Fermilab, new challenged to be taken up for
the OPERA projec{]3]. OPERA is searching for the appearahee in the CNGSv,, beam, a con-
sequence of neutrino oscillation over the long distancarsging the source at CERN, Switzerland,

from the detector, in the Gran Sasso underground laboratay L'Aquila, Italy.

1j.e. electronic position sensitive counters to tag andt®oautrino interactions, coupled to a pure emulsion target

or to a sandwich metal-emulsion (“ECC”) target to select tapologies.



In this paper we report the design of interface emulsion fitmtdets called Changeable Sheets
(CSd), suitable for the OPERA purposes, their implememtaéind the initial performance. The
basic concepts of the OPERA experiment are recalled inaseetiwith a brief overview of the
experimental apparatus and of its basic target units, theakbed ECC bricks. The motivations
to insert CSd units and the strategy for their exploitatiom autlined in section 3. The details
of the large-scale film handling, the CSd packing and infifformance is reported in section 4.
The alignment methods exploited in experimental testsopmdd during the commissioning run
in 2007 are scrutinized in section 5. Conclusions and olkthye presented in section 6.

2. The OPERA experiment

The OPERA experimen{][3] has been designed to directly atdithe flavor-mixing neutrino os-
cillation model that explains the disappearance,pin atmospheric neutrino experimenf$ [g—6]
and in accelerator experimenf [, 8]. For this purpose pipearance of; in a purev, beam at a
long distance from the neutrino source is searched for. Btimdtive feature of; charged-current
interactions is the production of a short-livedepton (@ =87 um). Thus, one has to accomplish
the very difficult task of detecting sub-millimeterdecay topologies out of the huge background
of v, interactions in a target of several kilotons. This is achiein OPERA using the nuclear
emulsion technique that features an unrivaled spatialutgn (< 1 um). The same method was
adopted in the DONUT experiment to achieve the first obsiervalf thev; [H].

The v, source is the wide-band CNGS neutrino begm [9] with meanggni, ) = 17 GeV
traveling 730 km through the earth from CERN to the undengdouaboratori Nazionali del Gran
Sasso (LNGS) where the OPERA detector is placed. In 5 yed®N&S run about 25,000 neu-
trino interactions will be collected by OPERA, out of whichoait 12 identifiedv; charge current
interactions are expected with a background of less tharhis Aumber of events is estimated at
the nominal value of the oscillation paramefer? = 2.5 x 103 eV?2 and full mixing [¢].

OPERA is a large detector (10 m 10 m x 20 m) placed in the underground LNGS Hall
C [[LQ]. It consists of two identical super-modules alignéshg the CNGS beam direction, each
made of a target section and a muon spectrometer. Each smgidn consists of a multi-layer
array of 29 target walls interleaved with pairs of planes lakfic scintillator strips. Each plane
consists of 256 6.3-m long strips of 26.4 mmLl0 mm cross-section and measures one of the two
transverse coordinates. This constitutes the Target &rdd®) [L1]. A target wall is an assembly
of horizontal trays each loaded with Emulsion Cloud Chantbeget units called ECC bricks.
Each brick consists of 57 emulsion films interleaved by 56 Rbep, 1 mm thick, tightly packed
and safe-light secured. It has 128 mumil02 mmx 79 mm outer dimensions and weighs 8.3 kg.
Interface emulsion detectors (CSd) are attached to the stosam face of each brick. There are
more than 150,000 bricks in total for a target mass of 1.3&dils. The modular structure of the
OPERA target section is sketched in fig{ire 1.

During the exposure to the CNGS beam, data taking, emulsianngng and analysis are
required to progress in parallel. Event-by-event, firstlbhi reconstruction angi tagging are
performed based on triggered electronic signals in the Td the muon spectrometers. Then,
one or more selected bricks, candidates to contain thetlaterge of a neutrino interaction, are
extracted from the apparatus. The corresponding CSd isstissined. The brick which contains
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Figure 1. The basic elements of the OPERA target section, the ECC Witbkits CSd attached, as explained
in section 3, and the TT.

neutrino interaction is brought up to the surface laboyatexposed to a moderate flux of cosmic-
rays (~100 tracks/crf) for the purpose of film-to-film alignment and disassemblé&mulsion
films therein are chemically developed and made ready focamcanning.

Automated microscopes, available at several OPERA itistits in Japan and Europf J12,
3], allow performing the second emulsion-based data ¢aKithis is a complex, multi-step task
consisting of the location of a neutrino interaction veidg»scanning backwards (scan-back) along
the path of the selected tracks, the vertex reconstructiatanning a volume of emulsion around
the presumed end points of the tracks, the identificationvatidation of anyr decay topology and
further optional measurements for efficiency study andrkistical analysis.

3. Changeable Sheets for OPERA

In the procedure described above, the connection of tracheasts from the TT to the ECC bricks
and to the parent vertex are the most critical issues, beaaus has to pick-up a small unit in a
massive apparatus and make the bridge between the apptelirham transverse resolution of the
TT to the 1um 3D spatial resolution of nuclear emulsions. For this raaspecially treated nuclear
emulsion films, called Changeable Sheets (CS), are usedesfmoes between each TT plane and
the corresponding ECC brickf [14]. CSd stay attached to thenstream face of the bricks all
the time during the exposure to record beam-related sighédsvever, upon brick selection and
extraction, they are detached and developed undergrouhdwtiany exposure to cosmic-rays.

The technique of interface emulsion sheets has already dqgaied in other hybrid experi-
ments [IL[P]. However, special developments were neede@RERA in order to obtain a very
low background and to operate on a very large scale.



The CS play two major roles. The first one is to confirm that tRCEbrick which contains
the neutrino interaction vertex is the one pointed to by thedconstruction. The second one is to
provide the neutrino-related tracks for the ECC brick slback analysis.

Brick confirmation is required in the OPERA analysis givee thsolution of the TT and the
consequent sizable probability to misidentify the ECC lbfie.g. ~30% for v; charged-current
interactions). The information obtained after the CS soanis highly beneficial to avoid useless
film handling and processing of the misidentified bricks andimize the corresponding waste of
target mass, also to avoid useless scanning overload ofdfiedicks. Thanks to the CS the bricks
wrongly identified by the TT are not dismantled but put bacthmtarget with a fresh CS attached
to them. Moreover, where the TT reconstruction is compatikth two or more bricks, these are
ordered by probability and their CS are scrutinized accglgli This significantly increases the
event finding efficiency.

As described in the previous section, the ECC brick is exgheseosmic-rays. Consequently,
there will be a few tracks in the brick related to the neutriniraction and a large number of
cosmic-ray tracks~10,000 tracks/brick). The CS provides a clear identificatibthe neutrino-
related tracks to be searched in the most downstream filmeo€dhresponding ECC brick as a
clean start-up of the scan-back procedure aiming at veotstibn. In order to recognize genuine
neutrino-related tracks and allow brick confirmation, thekground in the CS must be suppressed
down to extremely low levels.

The final choice of CS geometry for OPERA has been to assemioleadjacent emulsion
films as adoublet(CSd), coupled as an independent, detachable package dowmstream face
of an ECC brick as shown in figufé 2. A film has two emulsion layeThe requirement of a
coincidence between two emulsion films (more than any of 8geized track segments out of
4 measured layers) results in a strong background reduatidra high tracking efficiency. The
overall configuration of a brick unit and a schematic illatin of the OPERA scan-back method
for event location is shown in figufé 3.

Since the background level is due to single-film track dgnaitd their fake coincidences,
keeping it low requires: a) to reduce the single-film physieskground due to the continuous
sensitivity of the emulsion filmé;b) to pack very precisely the two films in a doublet; c) to explo
extremely accurate alignment tools and methods. What iscedly challenging with OPERA is
to do this on a very large scale for 150,000 bricks.

4. Emulsion film handling and CSd production

4.1 Film background reduction

Custom emulsion films jointly developed by the Nagoya Ursitgrgroup and Fuji Film Corpora-
tion, calledOPERA filmgfLg], are employed both for ECC bricks and CS. Mass-prodePERA
films consist of two 44um thick emulsion layers sensitive to minimum ionizing pees placed
on both sides of 20m thick plastic base. Their size is (#8 £+ 0.04) cmx (9.90 + 0.02) cm
at 40% relative humidity (RHJ.Film composition (small, regular, finely dispersed semsifigBr

2All the time from the film production till the chemical develment, any ionizing radiation induces persistent pho-
tographic recording of latent tracks.
3The expansion factor as a function of RH is 2 40~4%.
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Figure 2. The schematic drawing of the CS doublet. Two double-sidelgorufilms (OPERA films) are
adjacently coupled.
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Figure 3. Schematics of the CS - Scan-back method. Only the CSd traekimt@nded for the neutrino
vertex location analysis~4 tracks/event), although there are a lot of cosmic-raykgae the ECC brick
(10,000 tracks/ECC brick).

crystals) and geometry allow in principle a position refoluof 0.05¢m and an angular resolution
of 0.4 mrad [1p].
A procedure to erase to a large extent any previously reddatent-image track due to ion-



Table 1. Track density on single CSd emulsion films. Scanning was tgrtee UTS automated scanning
system at the Nagoya University in a standard configuraf6fq detection efficiency for 10 GeX™ beam
tracks). Only tracks recognized on both emulsion layersaamounted for. Tracks were topologically
classified as due to cosmic-rays (very straight penetraétauls) or radioactivity.

Track density [tracks/cA}
Total Cosmic-ray Radioactivity
Non-Refreshed 14168125 870+95 540+ 80
Refreshed 76-9 37+6 39+6

ization was developed for the OPERA films. Sucimemory resetalled “refresh” is obtained
by keeping the films at high humidity (95-99% RH) and high tenapure (25-30C) for a few
days [1p].

Films produced for the OPERA experiment in the Fuji facilityyapan were first transported to
the Tono Refresh Facility (Gifu, Japan) to erase the cosayidracks earlier accumulated. Here the
track density is reduced from 5,000 tracksfam< 100 tracks/crh. Afterwards, the refreshed films
temporary vacuum-packed as brick-wise slots were shippédNGS. Hence, additional cosmic-
ray tracks 1400 tracks/crf) was accumulated during the 1 month journey from Japan bp Ita
In the case of the ECC bricks, such cosmic-ray tracks are atdrounds. Since the films are
grouped into each 57 films (i.e. a group of films for a brick)idgrthe journey and also the order
of films is definitely kept in the ECC brick assembling procasENGS, all the cosmic-ray tracks
can be reconstructed and rejected by analysing scanniagodahe assumption that the films are
not interleaved with lead plates, called “Virtual erasing”

For the CSd, the two films are assembled at random and dishkesknnderground at the
LNGS where the cosmic-ray flux is very low. Thus, the resichetkground is mainly due to
accidental coincidences between early tracks on each filmy Tould still spoil the required un-
ambiguous ECC brick confirmation because they compete Wihaverage flux of beam-related
tracks expected to be extremely small (e.gvincharged-current interactions about 4 tracks are
expected), although the scanning area of the CSd is extydargke (~100 cn?). Thus, the back-
ground density must be kept well below Fotracks/cnd for |tan8| < 0.5 rad with 8 being the
angle with respect to the normal to the film plane. This regaint is much stronger than that in
the ECC films (100 tracks/cth

As

Ngackgroundl (Single film track density x (Alignment accuracy (4.1)

constraints are very demanding on both factors.

In order to reduce the track density in the emulsion films,a@sé refreshing is performed
underground at LNGS to erase tracks accumulated duringgeatation, since the Virtual erasing
method is not available for the CSd films. Observed trackitleashefore and after this process
are listed in tabl¢] 1. The single-film track density aftereshing is below 100 tracks/émn

4.2 Overview of the CSd production

The CSd film handling, production and development are hoisted specially designed facility
situated in the underground Hall-B of LNGS. The productianilfty arranged to produce 1,000



Films and Trays
Door

Taper ducts

Fans
Qutlet

Figure 4. A schematic drawing of the refresh chamber and the trays.

CSd/day is partitioned in three rooms. The first two are figfe-darkrooms assigned to refreshing
and packing. The last steps (envelope folding and insemi@Tigid plastic box) are performed in
the third room. Five operators may simultaneously work ia fhcility.

4.2.1 Refreshing apparatus

In the refreshing room there are two refresh chambers. Beaiser (figur¢]4)- 1 mx 1 mx 2 m,
contains 760 trays. Each tray contains 9 films. In total 68#sfare processed at the same time.
The component in front of the chamber is a two-fan humidifiich provides humidity through
wet paper filters. Demineralized water is used. The air floafright to left inside the chamber.
The ducts have tapered structures to provide uniform aiutil. The air flow can be in open circuit
(air from outside, evacuated outside) or in closed ciraiit¢irculation without exchange).

The air in the refreshing room is kept at 26:€7and 40% RH. A refreshing cycle takes one
week. The sequence is the following: open circuit mode85% RH for one day, close circuit
mode at~98% RH for three days, slow-dry mode from 98% to 60% RH for ceng domplete-dry
mode down to 40% RH for one day (open circuit).

4.2.2 Packing

The two emulsion films of a CSd are packed together by usindusniaum-laminated tissue. The
structure of the laminated tissue is (from outside to insiddylon 15 um/ Polyethylene 13:/m/
Aluminum 7 um/ Polyethylene 13/m/ Carbon-mixed-polyethylene 35m/. The light tightness

is provided by the aluminum layer and by the Carbon-mixelggibylene layer. The mechanical
strength is given by the nylon layer. The laminated tissugh&ped as an envelope. The CSd is
temporarily vacuum packed. Sealing is done by welding thggboylene. The welded parts (three
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Figure 5. The packed CSd and a schematic drawing of the cross-section.

sides) are folded in order to make the CSd size small. Fijwieds a photo of the packed CSd
and the cross-sectional drawing.

A semi-automated packing machine was developed for maskgtiion. A small size (230
mmx 280 mmx 1.2 mm) vacuum chamber was designed to evacuate air rafiichaches a vacuum
of 15-35 mbar within 3 seconds. A complete packing cyclegdk&seconds. With each of the two
machines available in the facility an operator can fabe&i0 CSd/day. The net size of the packed
CSd is 125.5+ 0.3 mmx100.64+ 0.3 mmx1.6 + 0.1 mm. The average displacement between
two films is (|0x|) = 310um, (|dy|) = 90 um, which difference is due to the production procedure.

The packed CSd is inserted into a specially shaped plasti@bd then attached to the ECC
brick. A schematics is given in figuf¢ 6. This box renders tiSgl€hangeable The outer size of
the box is 127.8 0.2 mmx 102.7+ 0.2 mmx3.0+ 0.1 mm. The inner size is 126 0.2 mm
x 101.0+ 0.2 mmx1.7+ 0.1 mm. The CSd envelope tightly fits into the plastic box.

4.3 Performance

The performance of the produced CSd was studied by sevarafimental tests. The background
track density with the refreshed films is summarized in sed®.2, since it strongly depends on the
alignment accuracy. For efficiency studies a test moduleexpssed to 10 GeVr~ in the CERN
PS T7 beam line. A schematic drawing of the module is givengaré[J. The CSd have been
produced at the LNGS facility. Data have been taken in thelgoms at five different angles with
respect to the emulsion films spaced by about 0.1 rad. Thdandjstribution of therr~ beam is
shown in figur€]8.

Emulsion scanning was performed by using fast automaterbstopes at Nagoya University.
The three CSd were aligned by using tire tracks themselves. The tracking efficiency was calcu-
lated by reconstructing tracks using CSd1 and CSd3 and therking the presence of tracks on
CSd2. Figuré]9 shows the tracking efficiency and its depeseden the angle. In each CSd a track
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Figure 7. A schematic drawing of the module exposed at CERN. The tnac&fficiency of the CSd was
evaluated by checking the presence in CSd2 of tracks recotestl using CSd1 and CSd3.

is defined by a coincidence of four track segments in the founlsion layers. A good tracking
efficiency of more than 90% for small angle is found.

A method to require a coincidence of any of three track sedgriarthe four emulsion layers
recovers the rest of efficiency. This method is under devety, however, some applications can
be found in sectiof]5.

4.4 Production and quality control.

The production of the CSd for the OPERA experiment has stasteNovember 2006 and it is
presently going on (Apr 2008).
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Figure 9. Tracking efficiency of the CSd as a function of the angle oftthek with respect to the normal to
the emulsion film.

During production a regular sampling was performed for filnality control and long-term
CSd quality control. First, it was checked that film sengitivs fully kept after refreshing. Sec-
ondly, the number of randomly diffused grains (known as feggity) was monitored cycle-by-
cycle. An exceedingly high fog density may affect the scagmerformance of the automated
microscopes. Fog density data are reported in fijdre 10npeoes the fog density after first film
refreshing at Tono Refresh Facility and that after secomd fdfreshing at LNGS. A sample film

—10 -
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Figure 10. The comparison of the fog densities (FD) after film refreglah TONO and at LNGS.

was picked-up from each refreshing cycle. Entries of thbtrjot correspond to the first half of
the production of the CSd. In fact, while tracks are erasetkfrgshing the fog density is known
to increase slightly. However, the initial fog density isllWeelow the safe limit of 10 grains per
(10 x 10 x 10 umd).

Long-term quality controls were performed on CSd packedeundcuum. It appeared that
some gas was produced inside the envelope causing an utedeejpng-term fog increase. In
order to avoid that, a pin hole was bored on the edge of eache®@&dope thus allowing the gas
to exhaust. The cause of the degassing and the nature ofdfa@egander investigation.

After an initial setting-up period 60% of the total was camily produced during the last 9
months of 2007.

5. Alignment issues

Four steps will be considered for the OPERA analysis: 1)G-G8d connection; 2) CSd film-to-
film connection; 3) CSd-to-ECC brick connection; 4) ECC bfitm-to-film connection.

Alignment is commonly based on passing-through high enelgyrged particlesX 1 GeV)
such as in the test beam exposure reported in seftipn 4.Be Exposure density is sufficiently
high (~ 10? tracks/cm), adjacent emulsion films can be aligned with an accuracy df um
within a sufficiently small area{ 5 mmx5 mm). However, in the OPERA case the high-energy
particle flux is extremely low at the LNGS underground labonga Only step 4 can be based on
an exposure to cosmic-rays at the LNGS surface before dawelot. Unambiguous connection at
step 3 is needed. For step 2 even after on-site film refreskéngrate film-to-film connection in
the doublet is nonetheless required.

5.1 Connection between TT and CSd

Data acquisition with cosmic-rays was performed from Ap#f' to May 16" 2007. The number
of ECC bricks (with CSd) installed at that time was about ©0,0At the end of the run 579 tracks
were reconstructed crossing 1203 ECC bricks. Muon tracke fuether selected according to the
following criteria:
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¢ Aslope smaller than 0.550 rad with respect to the z axis, thiedntal projection of the beam
direction, to which the emulsion films are orthogonal. Thematic scanning systems have
maximum efficiency for tracks perpendicular to the emulditms, i.e. close to the beam
direction. Most of cosmic-ray tracks are useless, beinglyeartical. The smallest slope
with respect to the z axis in the sample was 0.350 rad.

e A minimum number of 28 hits in the TT in order to have a long ale@u track.

e A reconstructed impact point at more than 1 cm from the emonlfim edge to ensure that
the prediction falls in the CSd fiducial aréa.

30 bricks were selected corresponding to 21 events, sinograic-ray muon can cross more
than one brick. The bricks were extracted, X-ray marked ggaemed later and the associated
CSd was developed in the underground CS facility. The sognwas performed at the Scanning
Station at LNGS with the European Scanning Systerh [13]. Aa af 5<3 cn? centered around
the prediction was measured on both films. For each CSd fiaok tsegments (hereafter called
micro-tracks) were measured in each of the two emulsiorréayEhen, two micro-tracks on both
sides of the film plastic base were associated to form a lineeéfter called base-track) by using
the points where each of the two micro-tracks intercept tharest surface of the plastic base.
Contrary to the micro-track the slope of a base-track iselgrginaffected by distortions caused
to the emulsion layer during film processing. A CSd track adaie is defined by the matching
of either both base-tracks, thus all 4 micro-tracks, or &esck and a single micro-track, thus 3
micro-tracks. 28 muon track candidates out of 30 predistiere located in the CSd scanning.
Out of those, 23 had all 4 micro-tracks found. Figure 11 shineslistributions of the position and
angular residuals of the emulsion measurement with respdabe TT reconstruction for both X
and Y transverse projections.

5.2 CSd film-to-film connection

The film-to-film-connection inside the CSd is a key alignmieatie to reduce the CSd background
(eq.[41). It has been performed by two different methodsveamsiexperimentally tested by using
the samples of events from CNGS commissioning runs in 2007.

The first method is based on circular X-ray marks of about gf0diameter printed on the
four corners, penetrating both emulsion films in the CSd hedrost downstream film of the ECC
brick. This provides a common, accurate reference framedanning of those 3 films.

A custom system for X-ray marking of emulsion has been redligigure[IR). It is based
on a small X-ray generator capable to produce a beam in tlge 3@ kV to 80 kV with a 0.1 to
2s duration. The beam is collimated through a 108-hole in a 3-mm thick lead shield. A spot
observed in the emulsion is shown in figgré 13. Accurate joositg of ~ 5um on both axes of
the brick with respect to the collimated beam is obtainedgiaimotorized stage. A safe lead box
shielding hosts the system. An user-friendly softwarerfate was developed to allow the operator
to move the bricks and control the shutter of the X-ray gaoerd’he complete sequence to print
the 4 X-ray spots can be done in a fully automatic mode wittiremsafety sensor checks.

4There is a few mm space between a CSd and the neighbor CSd.
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Figure 11. Distributions of the position and angular residuals of theilsion measurements with respect to
the TT reconstruction.

CS doublet

X-Ray Beam

Collimated
Beam X-Ray
Generator

Lead shield (3 mm)
with 100 micron hole

Figure 12. Schematic view of the X-ray system.

However, for films in contact, the accuracy of the X-ray marmtiod is limited by any local
deformations of the emulsion films that could amount to aldloutn/cm. Thus, the tolerance for
position displacement is limited to about Bt on the whole surface of films.

Another method based on the use of sub-MeV electron traoks fratural radioactive sources
was recently proposed [IL7]. With this method more accumtal lalignment parameters can be
assured and the position tolerance can be reducedli®dm. The potentialities of both methods
for the purpose of reducing the combinatorial backgrouredsiown in tabl¢]2. Application to
real-case neutrino events is in progress.
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Figure 13. X-ray spot on an emulsion sheet100 um).

Table 2. The alignment accuracy and the estimated background fredexal coincidence between two
emulsion films in a CSd (125 cth The estimation is done on the assumption that the trackityeom single
films is 100 tracks/crhand that the angular tolerance between two emulsion filme rarhad.

Method X-ray mark Sub-MeV electron

Position tolerance 3am 10um
Accidental coincidence BG 0.018 track/CSd 0.002 track/CSd

" Entries 28 " Entries 28|
S12F X2/ ndf 1573 <% 10 X2/ ndf 0.52/2
(LI Constant 12+ 3 © Constant 9.6+ 2.4
- -
"’610-_ Mean 25+ 1.3 5 g Mean 1.9+ 1.3
- [ Sigma 6.3+ 1.0 — Sigma 5.8+1.3
38 3
E I £ 6
> 6__ >
Z z
L 4
A
2F 2
| A PR BRI B N
033020 10 0 10 Bl 9 20 - 1020 38, 40

Figure 14. Distributions of the position and angular residuals betw€&d emulsion films. For angular
residuals open boxes refer to tracks formed by two bas&dnahile filled boxes refer to tracks formed by a
base-track and a single micro-track.

5.2.1 Experimental results with X-ray fiducial marks

Results on alignment based on the X-ray mark method are shofigure[I4. As track slopes
are large the angular resolution is worse than what is gatied for tracks from neutrino interac-
tions. In the plot relative to the angular residuals theiestreferring to 3-micro-track candidates
are marked since the angular resolution is substantiallgevior micro-tracks compared to base-
tracks. The 3-micro-track candidates contribute, as drpeto the distribution tails.

The width of the position residuals distribution is attttéd, as discussed above, to local de-
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Entries 32 Entries 32
X2/ ndf 29/6 X2/ ndf 3.1/2
Constant 7.3+ 1.9 Constant 16+ 6.9
Mean 8.6+ 0.3 Mean 2.9+ 0.4
Sigma 1.6+0.3 Sigma 2.2+0.8
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Figure 15. Distributions of the position residuals between CSd ermuléiims. The entries refer to tracks
related to a single neutrino event.

formations of the films. To illustrate this effect, data frarsingle, high-multiplicity neutrino
interaction that occurred during the beam commissionimgfrom October 2007 were analyzed.
As many as 34 secondary tracks were detected as CSd coicegdeimong those tracks 32 were
selected as impinging on the CSd within a rather limited @afethe order of 1 crd. Figure[Ib
shows the distributions of the position residuals betwaertwo films of the same CSd. The posi-
tion offset is a measurement of a local discrepancy witheetsip the X-ray mark reference system
while the standard deviation is approaching the emulsitimgic resolution.

5.2.2 Experimental results with low energy electrons

The local offset resulting from the global X-ray alignmerttieh has been exemplified in the pre-
vious section can be measured by using a local alignmentandihsed on low-energy electron
tracks crossing both films. This method was applied to all ©8rchcted during the beam commis-
sioning runs in 2007. A nearly full area scan of 115 min®0 mm was performed at the Nagoya
University with the S-UTS systenh [12]. The scanning areadwased into cells of 5 mnx5 mm.
The two films were first aligned by the X-ray mark and then trealmffsets were calculated for
each cell with low-energy electrons. Figuyrg 16 shows théajlonap of the offsets on one CSd.
The arrows and their gradients demonstrate a relative mefiion of the films induced by the dif-
ference of the strain before and after the processing ankdéogttess due to the setting of films on
the microscope stages.

The process was applied to 59 CSd. The fraction of the areeevitne tracks were successfully
aligned is estimated for each CSd and its distribution iemin figurg I]7. The local alignment with
low energy electrons is most often successful.

Figure[I8 shows the distribution of the position residuasseen emulsion films after the
correction for the local offsets. A clear improvement in thasition displacement is obtained
compared to the X-ray mark method.

5.3 Connection between CSd and ECC brick

The X-ray marks allow aligning the CSd with the most dowrestndilm of the corresponding ECC
brick. An alignment accuracy of 100 um and of~ 20 mrad has been obtained, as shown in
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Figure 17. The distribution of the film surface fraction successfulligaed locally with low energy elec-
trons.

figure [I9. Distributions of the position and angular resisla high energy cosmic-ray tracks
measured in the CSd and in the most downstream emulsion filtheoECC brick are shown.
Understanding of systematics (e.g. CSd planarity, actatdice between the CSd and the last film
of a brick, etc.) that alter the alignment accuracy is in pesg. More information will be provided
by the on-going study of the neutrino events collected iminatrino run of 2007.

6. Conclusions

An interface nuclear emulsion detector allowing for verw Ibackground detection of ionizing
tracks has been realized for the purposes of the OPERA exeeti It is made of a doublet of
emulsion films called CSd. The CSd play the central role afigpéhe interface between the elec-
tronic position sensitive detectors and the ECC bricksdbastitute the target.
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Figure 19. Distributions of the position and angular residuals of reglergy cosmic-ray tracks measured in
the CSd and in the most downstream emulsion film of the ECOkbric

The adoption of the refreshing technique that washes awayohthe latent images of cosmic-
ray tracks recorded before the film storage in the undergrdaboratory, the accurate packing
procedure, and the exploitation of refined alignment methiodtag genuine track coincidences,
allow to keep the CSd backgrounds below 0.1 tracks/108 dditimately, starting with a global
alignment based on X-ray marks of the two films of a CSd andithenoving the alignment locally
by tracking low energy electrons, the fake tracks backgidameduced to 0.02—0.005 per CSd.

A production facility was constructed underground at LN®Srtanufacture 154,000 CSd,
60% of which were produced by the end of 2007. The commissipoi the CSd demonstrates
good tracking performance in view of the neutrino intei@etiocation and analysis for the OPERA
experiment.
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The partially installed OPERA detector has been commissionith low-flux underground
cosmic-rays since April 2007 and was exposed to the CNGSineuieam in October 2007. 28
tracks out of 30 triggered cosmic-ray tracks were succhgsielocated in target units allowing
alignment procedures to be developed and tested. Thedacati38 neutrino interactions is in
progress and will be the subject of a forthcoming publicatiMore details about the procedures
and results presented in this paper can be found ]n [18].

Although developed for the OPERA experiment, the d@tibletconcept may have other ap-
plications. Indeed, a coincidence between a doublet oean@mulsion films with extremely low
background in principle adds a sort of time resolution to sioa detectors. Applications may be
found in accelerator and cosmic-ray experiments and in madiography [[19].
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