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Abstract

In the MICE experiment at RAL the upstream time-of-flightetdbrs are used for particle
identification in the incoming muon beam, for the experinteigiger and for a precise
timing (o; ~ 50 ps) with respect to the accelerating RF cavities workingQdt RHz.
The construction of the upstream section of the MICE timdlight system and the tests
done to characterize its individual components are showetedor timing resolutions
~ 50 — 60 ps were achieved. Test beam performance and preliminamjtsesbtained
with beam at RAL are reported.
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The MICE experiment [1] at RAL (see figure 1 for a schematiolay aims at a
systematic study of a section of a cooling channel of a neafactory ¢ F) [2]. The 5.5
m long cooling section consists of three liquid Hydrogenoabers and eight 201 MHz
RF cavities encircled by lattice solenoids.

Different neutrino factory designs require a muon cooliactér from 2 to 16, over
a~ 100 m distance. For a cooling section prototype of affordalze,si cooling factor
~ 10% at most may be expected. A precision-of10% on the design of the whole
cooling channel implies emittance measurements at a léw&ll& on the cooling cell
prototype, thus excluding conventional emittance measané methods, that have errors
around10%.

A method based on single particle measurements has beesageadi to obtain
such a level of precision. Particles are measured beforafi@dthe cooling section by
two magnetic spectrometers complemented by time-of-fli§jdtF) detectors. For each
particle x, y, t,p,, p,, E coordinates are measured. In this way, for an ensemble of N
particles, the input and output emittances may be detedvaneurately.

1 The upstream MICE time-of-flight system

In the MICE experiment, precision timing measurements aqelired to relate the time
of the incoming beam muons to the phase of the acceleratilnlgrieach RF cavity and
simultaneously for particle identification (PID) by a TOFtimad. Three time-of-flight
detectors (TOFO, TOF1, TOF2) are foreseen. The last two (T&@f TOF2) are at the
entrance and the exit of the MICE cooling channel; the firgt @rOFO0) instead is placed
about 10 m upstream of its entrance. Figure 1 shows a layaiediull MICE cooling
channel with the foreseen positions of the TOF detector® upgstream TOF detectors
(TOFO, TOF1) must separate the pion contamination of themtgam at low momenta
(below~ 210 MeV/c) and are used for the experiment trigger. All TOF d&teccare used
to determine the time coordinatg (n the measurement of the emittance.

The TOF stations share a common design based on two planaestabrie-inch
scintillator counters along X/Y directions (to increaseasigement redundancy) read
at both edges by R4998 Hamamatsu fast photomultipliers @MT In the upstream
section, the TOFO planes cover@ x 40 cm? active area, while the TOF1 planes cover
a42 x 42 cm? active area. The counter width is 4 cm in TOFO and 6 cm in TORheT
calibration of individual counters has been done with ingpig beam particles by using
the detector X/Y redundancy. In addition a fast laser catibn system is foreseen for
monitoring.

lone-inch linear focused PMTs, typical gath~ 5.7 x 10% at -2250 V, risetime 0.7 ns, transit time
spread (TTS) 160 ps



To determine the timing with respect to the RF phase to a gimtdf5° a detector
resolution~ 50 ps is needed for TOFO, while to allow%% rejection of pions in the
incoming muon beam, a resolution better than 00 ps is sufficient for the TOF mea-
surement between TOFO and TOF1. The resolution in the TORuneaent between
detectorg andj is expressed as:

) 2 2
OTOF;; = \/UTi + 07, + Ocativr (1)

whereor, (o7,) is the i-th (j-th) TOF station time resolution ang,;, is the reso-
lution of the calibration system. Having two independenaswements from each TOF
stations (due to the X/Y redundancy), is given byo,/v/2, whereo, is the intrinsic
counter timing resolution.

Taking into account also the calibration errors, this imalgonservative require-
ment for single detector timing resolutien ~ 50 — 60 ps and a resolution of the cali-
bration procedure.;;;. ~ 50 ps.

1.1 Working conditions of the time-of-flight detectors insde MICE

In the MICE experiment the TOF detectors have to work withhhiggoming particle rates
(up to 1.5 MHZz), high magnetic fringe fields from the trackismenoids with| B | up
to ~ 1300 G (only for TOF1 and TOF2) and a high level of RF noise from theling
channel.

From beamline simulations and the expected beam widtheal@+0 and TOF1
detectors positionsr; , ~ 3.3 — 4 cm) rates up to about 0.5 MHz must be sustained by
single PMTs.

Due to the low residual magnetic field produced by the lastguyzole of the beam
channel in the vicinity of the TOFO detector (50 Gauss), conventional PMTs with an
elongated mu-metal shielding (extending 30 mm beyond tlmoglathode surface) may
be used (see later for details). The other two stations (T&EITOF2) will work instead
inside the high residual magnetic field of the spectrometiem®ids, that is only partially
shielded by a 100 mm iron annular plate. The left panel of &@ushows the residual lon-
gitudinal 5 and orthogonaB ; components of the magnetic field at the position of TOF1
and TOF2 detectors, as computed with a 2D Tosca [3] or COMS3Qt4lculatior?. Be-
cause orthogonal components (up~tad 200 Gauss) and longitudinal components (up to
~ 400 Gauss) of the fringe magnetic fields must be shielded, a twalglobal magnetic
shielding for TOF1 and TOF2 detectors has to be envisagedcdfwentional PMTs?

23D Tosca calculations were redone and results were foungatiote [6]
3Other solutions, based on PMTs for high magnetic fields sscHamamatsu R5505-70, have been
studied, but later they have been abandoned for their mgttehcost [8]



the most difficult component to be shielded is the one aloed?MT’s axis. Orthogonal
components can be more easily shielded. A global cage biltid annular return plate
of the nearby spectrometer solenoid will be used for TOF1lis Thshown in the right
panel of figure 2 with the relevant mechanical details.

As computed with a 3D Tosca calculation [6] the residual fiekide the shielding
cage is below a few Gauss: a value well tolerable by the R4998sPwith a 1 mm
p—metal shielding. The solution, albeit elegant, has the Heamk of the need of a quite
complicate extraction mechanism to allow access to thecttetanside the inner volume
of the shielding cage.

2 Detector construction

The structure of TOFL1, inside the shielding cage, is shovtherright panel of figure 2.
TOFO has a similar crossed X/Y structure. Each scintillatab, after a straight Poly-
methyl methacrylate (PMMA) lightguide, is read at the twges by a fast R4998 PMT.
Scintillator counters have been assembled in-houserggdrom DTF (diamond tool fin-
ished) scintillator bars from Bicron, to which PMMA lightigles have been glued with
BC-600 optical cement. A simple design with flat fish-tail PMNMghtguides, instead of
tilted ones (to reduce the influence of magnetic field) or Mdingones, has been chosen
to optimize the timing detector resolution (favouring tlatlection of straight light) and
to allow an easy mechanical assembly. The chosen desigre digtitguides has been
checked with a dedicated simulation program [9]. Wrappimdj assembly has been real-
ized with total tolerances less than 1 mm for each individoainters of the TOFO/TOF1
planes. The final choice of wrapping is aluminized mylar +ckl®VC covering. The
light-tightness of the covering material has been testedsoméng the transparency of a
small sample inside a spectrophotometeiThe optical contact between the end of the
lightguide collar and the PMT photocathode is assured ligosié elastomers For the
scintillator material, different options have been corsadl (see table 1 for more details).
The Bicron BC-420 scintillator has been retained as a chimic&d OF0, while BC-404
have been used for TOF1 and TOF2. In spite of small additipraddlems for the choice
of lightguide material (high quality UVT plexiglas, instkaf commercial UVA plexiglas,

as they S IO REN S RTINS RERHRE 290N B YRR RESIRS A9 U sl gy
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-(I:-é?i%ration system, as in the HARP experiment large TOF deiéctor [10] is foreseen
for time calibration and monitoring (see figure 3 for defailEhe laser light is beam split

“model JASCO V-530 UV/VIS
5Bicron one-inch BC-634 optical pads



Table 1: Main properties of considered scintillator for TWOFOF1 counters, from Bi-
cron, Eijlen Technologies and Amcrys-H. BC-420 and EJ-B0-404 and EJ-204) have
similar composition.

BC-408 | BC-404 | BC-420 | EJ-204| EJ-230| UPS-95F
AL o, (M) 425 408 391 408 391 390
Abulk (cm) 380 160 110 - ~ 100 -
Light output% Anthr. 64 68 64 68 64 39-45
decay const. (ns) 2.1 1.8 15 1.8 15 1.2
risetime (ns) 0.9 0.7 0.5 0.7 0.5 0.7
pulse width (FWHM ns) 2.2 1.3 -

to a fast Hamamatsu G4176 photodiode, giving the system $TARI is injected into a
bundle of fibers that transmit the pulse to the differenttdtator counters.

Studies are under way to provide an economic and stabledast kource. To
reduce launch problems, IR monomode Corning SMF-28 fibbeg, for blue or green
light behave as a “limited” number of modes fiber, will be used

The fiber bundle will be realized withlax 3 fused-silica splitter followed by three
~ 15m long fibers going each one tolax 24 fused-silica splitter. The splitters, realized
by OZ Optics’® with Corning SMF-28 fibers, have splitting ratios with rélatdifferences
less thant-10% (rms) for the 20 (14) fibers to be used for TOFO (TOF1).

Laser light will be injected at the center of each counter lgtal reflection prism,
after a 1 m long multimode (MM) fiberthat convey the laser pulses. The total reflection
prism and the fiber holder are glued inside a black PVC caphidttk silicon€e® to ensure
light-tightness.

2.1 Electronics readout

A schematic layout of the front-end electronics is shown guie 4. The PMT signal
is split to a time-to-digital (TDC) line and a sampling flasiaég-to-digital converter
(FADC) line for time-walk-corrections. The PMT pulse measuent scheme is designed
to meet the high input event rate requirements in MICE, tleatahd electronic modules
with conversion times better thdms and a~ 1000 events buffer.

The negative signal from the PMT, after a 40 m long RG-213egidsses through
a passive 0% — 50%) splitter and then is sent to a RC shaper and to a leading edge
discriminator LeCroy 4415. Fast timing cables RG-213 nathan conventional RG-58

60Z Optics Ltd., Ottawa, Canada
TFT-110-LMT from 3M, with core diameter10xm and typical attenuatio20d B /km at 500 nm
8Dow Corning 732 sealant



cables have been used to reduce signal distortion. As mezhgufll], RG-213 cables
have a better stability as a function of temperat@@ipm /°C single channel tempera-
ture variation that is three times better than standard R@ables. This reduces only to
a fewppm /°C when considering the relative channel to channel varia&fore instal-
lation at RAL, the delays; introduced by the signal cable lengths have been indivigual
measured.

The RC shapers and splitters are specifically designed aadiped for the require-
ments of the MICE experiment. A short acquisition time fondsp is achieved by using
a FADC®. The shaping circuit is used to effectively extend the dareof the short PMT
pulse, so that it could be finely sampled in successive tinietpoy the ADC. Software
processing of the digitized pulse yields its amplitude @ déinea values that are needed
for charge measurement and time-walk correction. The yasgilitter is designed to
match the impedances of the 50 Ohm coaxial cable, coming tr@PMTs, with the
120 Ohm impedance of the Lecroy 4415 leading edge discrimis@and shaper inputs.
The shaper circuit provides 4-stages of low-pass filterimg) amplification of the input
pulses. The time-constant of the filter stages is selectathdr30 ns, which gives effec-
tive stretching of the 5 ns PMT pulses up to 400 ns. In this veayeicquisition of a pulse
can take place within the availables time interval, providing several tens of sampled
points along the pulse profile. The signal is DC-coupled ugtmut the whole shaper
circuit. This provides baseline insensitivity to pulseeraariations. The DC gain can be
selected from several predefined values by jumper settfBgseen shaper channels are
organized in one NIM module, each channel having individjah, offset voltage and
polarity adjustments.

Similarly, the splitter board is also a 16-channel unitsimounted directly on the
front panel of the shaper module. A twisted-pair flat cablesisd to connect the splitter
with the discriminator module.

After the discriminator a fast CAEN V1290 TDC is used to pd®/timing measure-
ments. The V1290 is a multihit/multievent VME TDC that carted hits rising/falling
edges and work in continuous storage mode witB & x 32 bits deep outer buffer. A 25
ps least significant bit (LSB) couples to a 5 ns double hiteltg®n. The CAEN V1290
TDC has a differential non-linearity (DNL) of 2.8 LSB and artdégrated non-linearity
(INL) of 15 LSB, as reported in [12].

For timing measurements, a relevant problem is given by thesetalk due to
channel-to-channel coupling in the same TDC electroniadodhe 32 channels of a
V1290A TDC are grouped into four separate electronic boafdfixed start-stop mea-
surement, with the stop signal split into two different chals belonging to different

9CAEN V1724 FADC with 100 MS/s maximum sampling rate



electronic boards, was implemented. One of the stop sigmassthen disturbed by a
pulse with a sweeping delay with respect to it, coming to la@othannel of the same
(different) board to which the STOP line is connected. Fegbiishows the difference of
the two stop signals (peaking at zero in absence of exteois¢as a function of the de-
lay of the external noise with respect to one of the stop $syridhe top panel shows the
case of the signal coming to a channel of another board (wieeceoss-talk is expected),
while the other two panels show the case when the noise isngptaia channel of the
same board of the stop signal. Coming to a different boaretieet is less than 1 LSB,
while coming to a channel of the same board the effect rea@h&B in a time window
less than 20 ns.

With an incoming particle rate of less than 1 Mhz for singlemiing, this poses no
serious problems for the timing measurement.

3 Tests of single detector components

Single components of the TOF detectors were individualbrabterized for optimal per-
formances. In particular, extensive studies were done erfabt Hamamatsu R4998
PMTs and to choose the most suitable scintillator material.

3.1 Tests on Hamamatsu R4998 PMTs

R4998 PMTs have been delivered by Hamamatsu in assembb&3@)that include the
PMT, the voltage divider chain and a 1 mm-metal shielding. To increase the count rate
stability of PMTs, instead of a conventional resistive defi type, an active divider or a
booster on the last dynodes had to be used. After some testgetformances of PMTs
equipped with a booster or an active divider were found rtyughuivalent. The active
divider option was chosen for its easier use.

About 120 H6533 assemblies were delivered by Hamamatsuaryears. In the
following, only the tests to study the rate capability anel biehaviour inside a magnetic
field will be shown. In addition, many tests were done to dydhe PMT’s assemblies
for installation in the TOF detectors, as a sizeable fractibthem had problems related
to breakdown of the active divider under stress or showedyanasy behaviour with big
output spikes.

To test single PMTs inside magnetic field or PMTs mounted ocirgiBator bar a
setup similar to the one on figure 6 was used. A fast light plilseas sent directly to the

10a home-made system based on a Nichia NDHV310APC violet @isele and an AvtechPulse fast
pulser (type AVO-9A-C laser diode driver, with 200 ps risetime and AVX-S1 output module) was used.
This system gave laser pulsesatt09 nm with a FWHM betweenr- 120 ps and~ 3 ns (as measured with
a 6 GHz 6604B Tek scope) and a max repetition rate MHz



PMT’s photocathode viaa 3 m long multimode 3M TECS FT-1103Ldvtical fiber (with
a measured dispersion &f 15 ps/m, see [10]). At the end of the fiber a small Plexiglas
prism, inserted in a black plastic cover in front of the PMTdoaw, allowed illumination
at the center of the photocathode. The laser spot was foausetie optical fiber (aligned
by a micrometric x-y-z flexure systehh) by a 10x Newport microscope objective, after
removable absorptive neutral density filters, to give ligighals of different intensities.
A broadband beamsplitter (BS) divided the laser beam to &V of light on the fiber
injection system and0% on a monitoring detector. A fast Thorlabs DET210 photodiode
(risetime~ 1 ns) was used in most measurements, to monitor the laselitsta®or gain
measurements the PMT signal was acquired in average modddhktranix TDS 754C
digital scope (500 MHz bandwidth, 2 Gs/s sampling rate)geigd by the laser output
syncronization signal (sync. out), that had a maximumrjibfel5 ps with respect to the
delivered optical pulse. In part of the measurements theatigas sent after a passive
50% T divider to a Canberra 2005 preamplifier, followed by an E®@@ec 570 shaper
(shaping time~ 1 us, gain~ 200) followed by a Silena 8950 multichannel analyzer
(MCA), using as external trigger the sync out signal of trsefa

For timing measurements, the same MCA chain was used wilk@eSi422 charge-
amplitude-time converter (QVT), see figure 6 for detailse BTOP signaltrop) was
given by the PMT anode signal after a leading edge PLS 70%icis@tor, while the
START signal {(s74r7r) Was given by the sync out of the pulser after a suitable detealy
an ORTEC pulse inverter. In timing measurements what isadlgtmeasured is the time
differenceAt = tsrarr — tsTop, that accounts for delay in cables and electronics and
jitter in the transit time in the tested PMTs. A lack of vaiaat in this quantity or no
deterioration in the FWHM of its distribution, after incesag the magnetic field inten-
sity, demonstrates the effectiveness of the adopted shmieldhe used TDC range (up to
0.1 us) with the MCA resolution (2K) allowed a resolution of 50 psént.

3.1.1 PMTs behavior in magnetic field

Systematic studies have been done, using a dedicatedwesistenoid of 23 cm inner
diameter, 40 cm length. The big open bore allows tests of single H6553 assemblids bo
with field lines orthogonal or parallel to the PMT axis uptd700 Gauss. The magnetic
field was measured via a gaussmétewith an accuracy better thari. Tests were done
usually with a signal corresponding to a MIP. The laser @ptoower was periodically
monitored with an OPHIR NOVA laser power meter. The numbeataftoelectronsiy,.)
was estimated via absolute gain measurement. This numizecnass-checked with the

" Thorlabs MBT613/M with 4 mm excursion and a resolutiono6.5 zm
12puilt by TBM, Uboldo (VA), Italy
BHirst GM04 model, with axial Hall probe



power meter measurements. The PMTs were inserted in theateagion of the test
solenoid, where the field had a uniformity better tl&# using a support to incline them
betweer)” and90° with respect to the field lines in the magnBf (or B ). Environment
light was accurately masked to reduce noise.

Results for signal reduction and timing versus the magrfiedit intensityB for the
average and rms of a sample of ten PMTs are shown in figure 7.

The uncertainties in these studies came mainly from nofetumity of the magnetic
field, stability of the laser pulses, error in positioningRM Ts inside the magnetic field,
conservatively estimated to less thely, and statistical errors.

The studies described above show that H6533 assemblids gwlitmmyu—metal
shielding) perform satisfactorily inside residual longiinal magnetic fields up te 60
Gauss and orthogonal magnetic fields up-td 50 Gauss. This is the case for TOFO or
TOF1 inside the external shielding cage.

3.1.2 Rate capability

Complete scintillator counters equipped with PMTs at thésenere used in these mea-
surements. The laser light was injected in the scintill&tmrthrough the standard laser
injection system described in section 3. The Avtech pulsertniggered externally, while
the PMTs signals were digitized by a CAEN V792 QADC and aaspiiby a CAEN
V2718 PCI-VME interface. The effect of a booster on the Igstaties for a typical PMT
is shown in figure 8. Figure 9 shows the PMT amplitude resp@ns&u.) as a function
of the laser shot repetition rate R (simulating an incregaparticle rate), both with a con-
ventional resistive divider, a booster on the last dynodemncactive divider for typical
PMTs. The HV is decreased in 50 V steps from the value of -23@0tte top. The laser
light signal is roughly equivalent to one MIP for the curvés2800 V. These results can
be easily understood, recalling that the rate capabilityriged by the maximum allow-
able anode current,, that depends also on the PMT gain. The left panels arevelati
PMTs with lower gains, as respect to the ones in the rightlsagneughly a factor 2-3).
The rate capability for a sample of nine PMTs is shown insieafture 10 for some
typical HV settings. Timing characteristics of R4998 PMTisw no deterioration going
from 1KHz up to 1 MHz, for sensible number of photoelectroaseen in figure 11 at
B=0 Gauss for a typical assembly with active divider.

As a conclusion, from the performed laboratory tests, iteapp that R4998 PMTs
may sustain rates up to 500-600 KHz without major problentl am active divider or a
booster, while this limit goes down to 100—200 KHz with a resistive divider, depending
on the PMT gain.



3.2 Tests on single counters at the BTF facility

The Laboratori Nazionali di Frascati (LNF) BENE Beam Test Facility (BTF) is a beam
transfer line designed to deliver electrons or positronsiypéor detector calibration pur-
poses [13]. Tests at the BTF were done to choose the sdatitabe used, cross-check
the design of the lightguides, assess the counter intrimsgresolution and measure the
number of produced photoelectrons,(. ).

The BTF pulse time structure allows to test resolution effand eventually pile-up
effects, but not the behaviour with high rates. Most of theadeere taken in single par-
ticle mode (one electron per pulse) exploiting a high retsmtucalorimeter as diagnostic
device.

The prototype TOF counters under study were mounted on attexd at a distance
of about 10 cm one from the other, with two finger counters (fd B2) of5 x 20 mm?
transverse area to define the impinging beam.

As scintillator material Bicron BC404, BC420 and BC408 anmdays-H UPS95F
were used (see Table 1), while lightguides were made of BiBG800, REPSOL Glass
UVT PMMA or PERSPEX UVA PMMA. In some measurements the leftit PMT sig-
nal was used as START/STOP for a time-to-amplitude (TAC) comnected to a MCA?,
to get an immediate feedback on time resolutions.

In the bulk of data taking each PMT signal was split by an &obivpassive splitter
to both a QADC liné® and , after a discriminator, to a TDC line. By an appropriatein,
fan-out the baseline CAEN V1290 TDC was used together witbra@ntional TDC'6
for reference. To convert TDC counts to picoseconds, the9Q@IPDC has been later
calibrated offline with known delay cables. A value 22 psfiddwas been obtained, to be
compared to a nominal value of 25 ps/count. The adoptioreafitey edge discriminators
(such as CAEN N417 or PLS 711) introduced a time-walk effect.

Before data taking, the gains of the two PMTs of a given pygetcounter were
roughly equalized with cosmics looking at the signals onggtali scope.

Event selection required a coincidence from the two fingenters ¢'1 - F2) and
a pulse height compatible with single impinging electrory fiting a gaussian to the
distribution of (¢, — t)/2, with ¢,z being the arrival time at thé/ R PMTs of a single
counter as measured by the TDC chain, it was possible torobtai counter intrinsic
resolutiono;.

Effects of the time-walk cancel out when the beam impinge len denter of a
counter and both PMTs give similar pulse heights. Figure H@vs, as an example,
the distribution of(¢;, — tx)/2 for runs with beam hitting the center of one BC404 bar.

14ORTEC Trump-8K MCA with an ORTEC 566 TAC and a PLS711 leadéuigie discriminator
I5CAEN V792 model, 32 channels, 12 bit, 0.1 pC/ch
16CAEN V775 model, 12 bits, nominally 35 ps/ch
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Table 2 shows the results obtained for several prototypateosi with the beam hitting
the counter centre. Intrinsic time resolutions are all i thnge 45-60 ps, witk 20%
better resolutions for BC420 or BC404 counters. Similaultssvere obtained also by
using fine-mesh one-inch Hamamatsu R5505 PMTs in place aiinentional one-inch
R4998 PMTS,

Table 2: Intrinsic resolution of counters made of scintitla bars of 4 or 6 cm width and
with lightguides made of different materials and/or of éi#fnt shape (Winston cone or
fishtail).

counter type oy (ps)

UPS95F 4cm bar Winston Cone 56 + 2
UPS95F 4cm bar REPSOL UVT lightguide50 + 8
BC404 6cm bar REPSOL UVT lightguide 46 + 5
BC420 6cm bar REPSOL UVT lightguide 45 + 1
BC408 6cm bar PERSPEX UVA lightguide 60 + 2

When scanning along a counter, effects of PMT non-equatithfeom time-walk'®
show up as demonstrated in figure 13.

If the pulse height distribution is fully described by theoptelectron statistics, it
is possible to estimate the number of photoelectrons pgtesimpinging electron, ..)
from:

< R>
Nyl =~ ( )? (2)
OR
where the average pulse-heightR > and the resolutiom; are obtained from a

gaussian fit.

This estimation neglects electronic noise and gain flucinatand is affected by the
quality of the scintillator-PMT coupling.

As explained in reference [14], the estimation uncertaiffprmula (2) depends on
the amplification factors of the first and second dynodes.R&8%98 PMTs these factors
are estimated as 10 and~ 3 — 5[15], giving a correction factor of about +10% for
N;%*. From the available dat&,. is estimated to be in the range of 200-300 p.e. for the
BC420 counters under test, depending on the impact bearigosi

The number of photoelectrons can be also estimated on signplends with the
formula:

_ dE/dx(MeV/cm)
Npe = hv(eV)

ITR5505 PMTs have a TTS of 350 ps and a nominal gain ef 5 x 10° at +2000 V
8this last effect may be corrected for with a pulse height mesment, using a time-walk correction

X Eseint X t(em) X €op X Q.E. 3)

11



wheree,.;,; IS the conversion efficiency of deposited energy into siititon photons
(usually ~ .01), ¢ is the scintillator thickness in cn).E. is the PMTs photocathode
quantum efficiency and,,; is the optical collection efficiency, to be estimated by sim-
ulation. The light collection in the TOF counter has beenuated with the program
GUIDEIT [9], using light sources uniformly dispersed alotihg median crossing plane
of the counter. From the simulation the collection efficieh@as been estimated to be
~ 3.8% and from formula 3 it can be estimated thés. ~ 230 p.e. in agreement with
the previous estimation based on photo-electron statistic

4 Detector commissioning at RAL

To equalize the amplitude response of the TOF0 and TOF lilsaiioin counters'® the
different PMT’s gain and the optical couplirt§ in the L/R side of each bar must be
accounted for. Neglecting this last factor, a pre-equabnehas been done by taking into
account only to the PMT’s gains. By using a YAP:CE source fi®@IONIX Ltd. 2!
pulse height spectra were recorded both on a digital sébpad with a VME CAEN
V792 QADC, read by a CAEN V2718 VME-PCI interface.

Data were recorded at a nominal H.V. value, set on a CAEN N4@0ube from
about -1800 V to -2300 V, in 50V steps. The amplitude (in mV3 baen plotted as a
function of the H.V. (in kV) and fitted with a functional forfi’ x V%, with K, « free
parameters for each PMT. Figure 14 shows the fit for a typib&l'® Figure 15 shows
instead the distribution of th& anda parameters for the sets of PMTs used in TOFO
(upper panels) and TOF1 (lower panels) detectors. A teda values of each PMT and
the functional formK x V' were then used in the detector equalization for amplitudes.
While the “normalization’X” parameter varies up to a factor of ten with a mean value 8.04
(9.71) andr.m.s. of 3.15 (5.13) for TOFO (TOF1), the parameter giving the “slope” of
the correction has a mean value 6.46 (6.69) with.s. of 0.40 (0.35) for TOFO (TOF1).

In the scintillation counters pre-calibration procedutee PMT working voltages
have been set, trying to select the left and right PMTs of eaminter with the most
similar gains and the PMTs for the horizontal and verticalnels of the same detector
with similar gains.

9This is useful in order also to have similar time-walk coti@ts for the timing response of the two
(L/R) PMTs of the same counter

20poth between the scintillator bar and the lightguides areditfhtguide collars and the PMTs

Zlwith a nominal rate of- 20 counts/s, a calibration run of a fei9® events was done in about 10-20
minutes instead of the many days needed in a cosmics testbenc

22Tektronix DPO7054, with a 2.5 GHz bandwidth
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4.1 First performance in beam

Put outside the closed DSA ar&a on a special trolley, TOF0 was tested in July 2008 to
assess PMTs reliability in real working condition during tummer 2008 ISIS run and
then moved to its final position inside DSA in September 20U0BF1 has been installed
instead at RAL in December 2008 on the temporary trolleyraft@F0 and since then
tested with a few dedicated runs. Due to problems in the egalf the decay solenoid,
that persistently affected its performance, only some laterisity runs with positrons or
pions were done to test preliminary detector performance.

For a particle crossing a scintillation counidi=1, ...10), equipped with two pho-
tomultipliers; (j=1,2) of a plan€ (I=1,2) of a TOF detector, at a tinig and at a distance
x from its center, the signal arrival time at the PMT photoodt; ;; is given by:

ti,jJ:to—'—w—Féi,jJ j: 1,2;[21,2
Verf
wherelL is the scintillator lengthy. s, the effective light velocity in the scintillator slab
andyd; ;; include all delays (cables, PMT transit time, etc.). Afterrection for the delays
9,51, the quantity
ti1g + tioy

b =~ =t +
+i,d 5 "

_ts

is independent of the impact pointalong the countei and allows measurement of the
time-of-flight (TOF) in a detector plane, while the impacsimn x can be deduced from
ti1g — tioyg x

t = -
2 9 'Ueff

The calculation of the delays ;; is a quite delicate task and may be done with
impinging beam patrticles.

For the trigger TOFO detector, defining as a “pixel” the are@myby the crossing
of two orthogonal slabs £ (in the horizontal and the vertical plane of a TOF detector),
the calibration procedure first determines the peak positfdiming signals with respect
to the trigger**, for particles hitting a pixel. From these, alignment tinadilaration con-
stants may be deduced. For the second TOF station (TOFhk icatibration procedure
one has to account also for the additional delay due to the-tififlight between the two
stations, using particles of known velocity (such as possj.

23Decay Solenoid Area - closed area nearby the extractiort pbthe pion secondary beam from ISIS
that contains a5 mlong, 5 T decay solenoid for muon colleaiud the first PID detectors, including TOFO

24for an incoming particle the trigger signal is given by thetfiof the twofold coincidences from slab
and slabk. The time of the coincidence signal is the time of the latiegta arriving to the logic unit.
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The adoption of leading edge discriminators (such as Leddd5) introduces a
dependence of the discriminating threshold crossing timéhe collected charge (time-
walk). To correct for time-walk, the dependence of the dédfece between the time mea-
sured by the TDC and a reference time on the maximum of theakwjnthe PMT, as
measured by the FADC, the following function is fitted to tla¢ad

Py n Ps
(ADC + Py)) (ADC + Fy)?

f(ADC) = P, +

with parameter$,, P, P, P; determined for each PMT, as shown in figure 16.

The reference time is given by a PMT in the other plane of tagost.

The precision in the calculation of the time-walk correntie limited by the very
poor collected statistics fad DC' under 1000 counts and above 3000 counts (see figure
16). The effect of the time-walk correction is illustratedigure 17 for a typical counter.

The calculation of the time calibration constants was dofmod&ing 300 Mev/c
pion beam data and after the time-walk correction. The ctdkkdata were just enough
for calibration of only 9 central pixels in TOFO and 2 cenfradels in TOF1.

The effect of the absolute time calibration and the time vealicection is illustrated
in figure 18.

The resolution after the calibration can be measured bygusia time difference
Atxy between the vertical and horizontal slabs in the same TQlestéee figure 19).
The obtained resolution on the differencerfs,, ~ 102 ps for TOF0 ando - ~ 123 ps
for TOF1%.

Figure 20 shows the distribution of the time-of-flight beemeT OF0 and TOF1 for
the 300 MeV/c pion beam and a positron beAniThe first peak which is present in both
distributions (pion and positron beam) is considered asitheof flight of the positrons
and is used to determine the absolute value of the time in T@Rfatural interpretation
of the other two peaks is that they are due to forward flying msufoom pion decay and
pions themselves.

Conclusions

This paper reports the design and commissioning of the egustisection of the MICE
time-of-flight detector system and preliminary evaluatdiits performance in the beam.
After a calibration with impinging particles, an intringdetector resolution of 50 — 60

Z5This translates inte- 50(60)ps resolution for the full TOFO (TOF1) detector with crossedibontal
and vertical slabs.

26this beam is set by starting from the settings for pion beaB0atMeV/c and reducing down all the
currents in the upstream magnets to a nominal 100 MeV/c mamrenAt this momentum only positrons
reach TOF stations
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ps is obtained. A TOF measurement between two stations webkaution of~ 70 — 80
ps is thus within reach.
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Figure 1: 2-D layout of the MICE experiment at RAL (not in s&jal The muon beam
from ISIS (140-240 MeV/c central momentum, tunable betwed® 7- mm rad input
emittance) enters from the left. The cooling section is mitMeen two magnetic spec-
trometers and two TOF stations (TOF1 and TOF2) to measutileaparameters. The
input beam composition is determined by two Aerogel Chererdounters and the two
upstream TOF detectors (TOFO0 and TOF1).
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Figure 2: Left panel: longitudinab; and orthogonal3, components of the residual
magnetic field, as a function of the radial distamcieom the beam axis at the position
of TOF1 or TOF2, after a 100 mm annular shielding plate [5]gHRipanel: magnetic
shielding cage for TOFL1 (front view). The TOF1 detector isvgh inside the shielding
cage with sliding rails at top/bottom to extract the deteetad the extraction brackets at
the left side [7].
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Figure 3: Layout of the fast laser calibration system.
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Figure 5. Scatter plot of the time difference between thegpld stop signals versus the
time difference between the disturbing noise and one stpyaki The disturbing signal is
coming to the same board of one of the stop signal in the twimbopanels, while it is
coming to another board in the top panel (no effect seen).
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Figure 6: Scheme of the test setup for PMTs measurement&(acale). In some mea-
surements the readout section (MCA) was replaced by a VMHisitign system, based
on a CAEN V2718 VME-PCI interface.
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Figure 8: Effect of the booster for one PMT (WA0298) @820 G (signal in a.u. versus
the rate f in Hz). The bottom line is with the boster on
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Figure 9: Rate capability of typical R4998 PMTs, as a funcbbrate R at field3=0 G
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Figure 19: Top (bottom) panel: time differeni vy between the vertical and horizontal
slabs in TOFO (TOF1).
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