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Abstract

In this note the preparation of the TOF-WALL scintillation counters for the PS214 exper-
iment (HARP) at CERN PS and the laboratory tests with cosmic rays are reported. The
measurement of detection efficiencies, time resolutions and attenuation of signals along
the counters shows very good performances. The intrinsic time resolution resulted to be
~ 150 ps.
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1 Introduction

The HARP experiment[1], in operation at CERN PS, was designed to measure with high
precision the secondary hadrons production on various nuclear targets by proton and pion
beamsin the 2 + 15 GeV/c momentum range:

- to acquire adequate knowledge of 7 yields, for an optimal design of a neutrino
factory where pure neutrino beams are produced by the muon decay;

- to improve substantially the calculation of the atmospheric v flux, needed for a
refined study of atmospheric v.

The experimental exploitation requires. P measurements in the 100 MeV/c = 10 GeV/c
range, alarge acceptance (also in the backward direction) and agood e, p, 7, K, p recog-
nition. Different techniques to particle identification are used in HARP. In particular the
TOF-WALL scintillation counters, 6.5x 2.5 m? active areaplaced at 10 m of distancefrom
the production target, allows to separate pions from kaons and protons at low momenta
from a precise time of flight measurements.

2 Description of the HARP TOF-WALL counters

The TOF-WALL detector consists of 42 plastic scintillators BC-408 by Bicron [2] of
length of 250 cm (28 counters), 180 cm (13 counters) and 300 cm (1 counter). The width
and the thickness are 21 cm and 2.5 cm, respectively. At the two ends of each slab, plex-
iglass fish-tail light guides have been glued, tapered from the dimensions of the ends of
the slabs to those of a plexiglass cylinder (" collar”) coupled to the photocatode of a PM
tube (Philips XP2020 [3]) through a disc of elastomeric material (seefig.1). The counters
are wrapped in aluminium and sealed with black plastic. At the center of each counter
a small quartz prism attached to a multimode CERAM OPTEC 100/110 fiber (1 m long
and 100 pm thick) [4] allows the injection of laser light pulses to control the stability of
counters and electronics.

The photocatode of the PM tubes is made of SoKCs, a material with alow ionization po-
tential, that allowsthe extraction of electrons from photons of energy hr ~ 3 eV. Quantum
efficiency, ~ 26% at 401 nm, is well matched with the range of wavelengths emitted by
BC-408 (seefig.2 and fig.3). The photoelectron multiplication chain consistsof 1+12 Cu-
Be dynodes. The XP2020 is characterized by afast rise time (~ 2 ns) and good linearity
of response and it can achieve again G of 3 - 107 at typica voltage of 2200 V with alow
background noise. The phototube is shielded from the magnetic fields by a cylindrical



screen of p-metal. The time jitter of XP2020 is about 250 ps, a value among the lowest
for PM T’ swith a 2.55 inch cathode diameter.

COLLAR COLLAR

/

PMT GUIDE SCINTILLATOR GUIDE PMT

ELASTOMER ELASTOMER

‘
30cm ' 250 cm (180 cm) ' 30 cm

Figure 1: Coupling of the HARP scintillation counters to the PMT’s through a fish tail
light guide.

3 Cosmicray test setup

The TOF-WALL scintillation counter performances were measured in laboratory with
cosmic rays. The experimental set up used for the testsis shown in fig.4: five telescopes,
to trigger on cosmic rays, each made of three small scintillation counters (about 10 x
10 cm?), were built to test simultaneously three TOF-WALL counters. The OR of the
discriminated signals of the five telescope counters (see fig.5) gave the common start for
the time measurement (CAMAC TDC mod. 2228A, 8 channels, 50 ps/count) and the 120
nsgate for the charge measurement (CAMAC ADC mod. 2249A, 10 bit, Dynamic Range,
0.25 pC/count).

Signals from the counters under test were split by a resistive partitor (see fig.6): 75% of
the signal was sent to adiscriminator (LECROY mod. 4413, V;;, = 40 mV), was properly
delayed and then sent to aTDC individual stop. The remaining 25% was delayed and sent
to an ADC, which measuresintegral charge in the 120 ns gate.

The CAMAC bus was connected to a VME bus through an interface put in aVME crate.
Data acquisition was provided by a Bit-3 618 interface connected to a PCI board on PC
through an optical link (seefig.7).

Every counter wasinitially tested for light tightness. A preliminary test with low statistics
allowed to choose the best values of the high voltage V for the following measurements,
whose aim was the study of the time resolution.
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Figure 2: Spectral sensitivity of Philips XP2020 PMT.
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Figure 3: Emission spectrum of the BC-408 scintillator.
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Figure 4: Geometry of the test setup for longers250 cm, top) and shorteL (= 180

cm, bottom) counters.
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Figure 5: Block diagram of the electronics for the acquisition of telescope signals. The
discriminator was a LECROY mod. 4413 (16 channels) with the threshold set at 70 mV.
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Figure 6: Block diagram showing the processing and conversion of PMT signals.

4 Analysisof cosmicray test data

Data taken during cosmic rays tests were selected for the analysis by rejecting:

- events associated to electromagnetic showers, with more than one telescope hit
along the same counter and/or charge going to full scale ADC on botH$M &
counter;

- a few events in which none of the two PR&Tconnected to the same counter gave
signal, indicating the presence of spurious coincidences in the telescopes.
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Figure 7. Scheme of the readout of TDC and ADC signals.

4.1 Detection efficiency

Detection efficiencies of the PMT’s were measured asN’];,—Q{T, whereN; is the number

of cosmic rays selected by a telescope and,r is the corresponding number for each
PMT of the counter under test. The high voltage for each counter was chosen to maximize
e while keeping the count frequency due to thermal noise of the PMT’s within reasonable
values. Initial value$} for the PMT high voltage were set about 50 V beyond the knee of
the efficiency curve for events crossing the telescope that was at the opposite edge from
the PMT (see fig.8). Data at three different HV valdes 1, were collected in this way.

ForV > 1} the counters’ efficiency did not depart from the maximum valeel within

N7 ~ 500 counts.

4.2 Timeresolution: afirst evaluation

When a particle crosses a scintillator at distané®m its center at the timg,, the time
differencesAt;,, Aty between signals of the Left and Right PMT’s and the sigpaif
telescope placed mare given by [5]:

2z
AtL,R - t() + / - ts (1)
Veff
wherel is the length of the scintillator andl s is the effective light speed inside it. For

the scintillators under test,
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Figure 8: Detection efficiencies (left scale [%]) and noise count frequenciés, (fights
scale [Hz]) as a function of the high voltagefor counter n. 56 of TOF-WALL. The two
columns refer to the two PMT’s of the counter.



v;flf ~ 5.9 ns/m. 2
The quantity:
_ At + Atg [

At, = —————~ —1¢ —t 3
+ 5 0+2'Ueff 5 (3)

is independent ok and allows the measurement of the time of flight, while the time
difference:

_AtL—AtR_ X (4)
- 2 N Ueff

At_

allows to reconstruct theposition of the event along the counter.
The intrinsic resolutions of PMT’s;, , can be obtained from the time distributions mea-
sured in the test:

O—tL,RQ = UAtL,RQ - 082 %)

whereo,, , are the corresponding resolutions from a gaussian fit of the distributions of
timesAt;, r (see fig.9), and, is the cosmic ray telescope time resolution, which can be
evaluated from the resolutions,;, ando,,_ as:

052 - O—At+2 - O—At_27 (6)

where the double contribution from the start signalif, cancels inA¢ . It follows that
the intrinsic time resolution:

1 7
Oc = 5 tQL + U,?R (7)

is expected to be equivalent to the one calculated directly from the distribution of events
s (At — Atg). As already observed for eq. (4), the finite size of the telescopes introduces
a geometrical contributiof; to oa;_:

Ax
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ey ®)
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Figure 9: Measured time distributions in the Left and Right PMT’s of counter 13, for
eventstriggered by the five telescope counters.
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Table 1. Mean values of o, for the five telescopes.

Te | o4(ns)
0.393
0.366
0.389
0.367
0.289

g W N

Therefore the effective resolution ¢/ can be estimated as (see eq. (2)):

e 2
O'A];Ji =op 2—29- (Ax)Q, 9
and the correct values of o, for the telescopes are:
o2 (i) = oar? —oar 2+ 2.9 (Ax)?(i), i=1,....5. (10)

The working voltage for each PMT was determined from the three sets of data recorded
with different V values, optimizing the value of o »,_ while keeping the noise rate accept-
able.

The values of o, for the five telescopes were then calculated. Their mean values (see
tab.1) were used to estimate the intrinsic resolutions of thePMT’s ¢, and o, (5), and o¢
(7), and the corresponding average values for each position along the counters (see tab.
2). Theresolutions averaged over the five selected positions were found to be:

oc(L = 250cm) = (208 & 15)ps (11)

oc(L = 180cm) = (201 £ 15)ps. (12)

Theintrinsic PMT time resol ution with the closer tel escope was systematically better than
the one measured at 170 cm or 240 cm from the same PMT (see fig.10). Thisreflects the
dependence of the resolution on photostatistics and on the photon time spread at the pho-
tocatode. As a consequence, the determination of the crossing time ¢, with the smple
arithmetic mean (3) can be improved.
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Table 2: Average resolutionsoy, , 04, and o and corresponding rms values of counters L
=250 cm and L = 180 cm at the different telescope positions (see fig.4 for the geometry).

L =250 cm, 26 counters L =180 cm, 13 counters
Tel | 04, (pS) | 01,(PS) | oc(ps) | Tel | o1, (pS) | 0ex(PS) | oc(ps)
169 & 64 | 352 £ 73 | 203 £ 36 176 & 37 | 321 £36 | 199 + 20
250 £ 64 | 339+ 42 | 212 £ 30 255+ 53 | 248 =37 | 219 69
241 £61 | 277+ 63 | 177 £ 40 268 + 40 | 282 4+ 44 | 189 4 22
296 £ 38 | 278 = 63 | 204 £+ 25 252440 | 241 £61 | 184 £ 21
367 £63 | 291 £ 66 | 243 £ 35 341 £ 73 | 251 61 | 214 £ 35
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Figure 10: Averageresolutionso;, (A) and o, (¥) asafunction of the distance from the
the Left PMT, along L = 250 cm (above) and L = 180 cm (below) counters (the centers of
the counters are at 125 cm and at 90 cm respectively). The error bars show the rms of the
distributions. The curves are meant to guide the eye.
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If the position x of the hit along the counter can be measured independently from time
with better resolution (asit will bein HARP, using the tracking system) it will be possible
to obtain a crossing time measurement with a better precision than eqg. (3). In this new
approach it is possible to correct the times for the position:

1/2 -z

Op =t — (13)
Veff

@R:tR_l/2+x (14)
Veff

_ (©p-tp)* _ (@r—tp)?

and to build a likelihood function £(©,Or,t)) = Ne & e *ir  taking into
account the different time resolutions o, and o;,, along the counters (N isanormalization
factor).

Maximizing the £ value for the crossing time ¢, and neglecting the error on x, aweighted
intrinsic resolution is found:

2 2 2 2
_ troy, +1Roy, [ T 0y, — 0,

Olog(L)

=0=t) = — — ; (15)
8250 0 O—tQL + O—tzR 2Ueff 'Ueff Ulsz + O—tQR
1 11
w
Oty = Op = —_— + — . (16)
0 C [O_tQL UtZR]

Theintrinsic resolution of thismethod o (see eg. (16)) iscloseto o (seeeq. (7)) at the
center of the counter (x = 0), but is certainly better than o at the ends of the scintillator
(seefig.11 and tab.3), where the resolution is dominated by the near PMT.

The averages of oY over the five positions are now (cfr. eg. (11) and (12)):

ol (L = 250cm) = (197 + 18)ps (17)

ol (L = 180cm) = (185 + 18)ps. (18)

13
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Figure 11: Time resolutions obtained from (16) (¥) and (7) (A) as afunction of the posi-
tion as evaluated starting from PM T Left, along the counterswith L = 250 cm (above) and
L = 180 cm (below) (the centers of the counters are at 125 cm and at 90 cm respectively).
The error bars show the rms of the distributions. The curves are meant to guide the eye.

Table 3: The average intrinsic counter resolutions and rms values obtained with the like-
lihood method (to be compared with table 2).

L = 250 cm, 26 counters | L = 180 cm, 13 counters
Tel o (ps) Tel ol (p9)

1 181 £+ 59 1 177 4+ 42

2 202 £+ 32 2 205 £+ 20

3 178 + 38 3 175 £+ 38

4 195 + 31 4 188 £+ 52

5 228 + 45 5 180 £+ 53
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4.3 Analysisof charge spectra

PMT charge spectra show a characteristic asymmetric tail at large values (see fig.12).
Spectra were fitted to a Landau distribution:

—2.22 Q=Cpk

te ) (19)

£(Q) = Nemrem =
providing threefit parametersN, @, and o: (), correspondsto the peak position, o mea-
sures the width and N is a normalization factor. Owing to the light attenuation along the
scintillator, the charge collected by a phototube decreases, as expected, with the distance
| from the particle’s impact point (see fig.13):

Q) = Qe 7, (20)

where ) isthe characteristic attenuation length.

Figure 13 also shows a saturation of the signal close to the PMT’s. This can result from
two opposite competing effects. the increase in the number of the direct photons due to
the increase of the solid angle covered by the photocathode and the reduction of the signal
due to back reflections by the light guide, more probable for positions closer to the PMT.
The measurement with the telescope close to the PMT was therefore discarded in the
attenuation length fit procedure to avoid biases. The estimates of A with the Right and
Left PMT are compatible (within uncertainties). For the long and the short counters the
average and rms are (see fig.14):

AL = 250cm) = (414 + 42)em (21)
AL = 180cm) = (349 + 41)em (22)

from which the overall result (seefig.15) is:

A = 395 £ 51 em. (23)

15
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Figure 12: Charge spectra and Landau fit for the counter 13 of TOF-WALL.
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4.4 Timeresolution: timewalk correction

The adoption of leading edge discriminators introduces a dependence of the discrimi-
nation times on the collected charge (time walk) as shown in fig.16, which affects the
intrinsic time resolution. A second contribution to time walk is due to the sensitivity of
the real discriminator to the charge: when the threshold is crossed, a finite amount of
charge is needed to turn the discriminator on (dashed triangles in fig.16), and the time
delay to collect it islarger for small pul ses.

To take these effects into account, correction terms 6t;, r to the measured times Aty
were determined as a function of the corresponding charge signal. These corrections are
usually parameterized by the formula[6]:

L1
VA, VA

where A is the associated charge, Ay is areference charge and W is the walk parameter,
to be determined experimentally. For this purpose, the timet was plotted for every PMT
as a function of charge A and of A~'/2, gathering together the data relative to al the
five telescopes. After the equalization of the average times (the times recorded with the
first four telescopes where shifted to have the same average time as the telescope five,
taken as a reference), a continuous curve is obtained for t as a function of A. Moreover,

5t =W ( ) (24)

18



Effective time

Time of
Pulse coming | | the event ~
out of the
discriminator L ) vi
Same charge
V2
Pulse heights Vth Threshold of the discriminator
10 e Time

Figure 16: Sketch showing the timewalk ¢4, ¢, and delays 77, 15 to turn on the discrimi-
nator for two different signal amplitudes V; and V5.

a correction was applied because the mean values of the time distributions of the five
telescopes do not correspond to the same value of charge: from the plot of t asafunction
of A, relative only to the telescope number five (see fig.17), the corrections At relative
to the other four telescopes were obtained. Timest were averaged for fixed values of A
and A~'/2 inside bins of appropriate width (5 pC and 0.0125 pC~'/2, respectively). As
expected, (seefig.18):

- the values of the measured times decreased with the increasing of the charge;
- the dependence of t as afunction of A~'/2 was roughly linear.

The distribution of W measured at the Left PMT is quite similar to the corresponding one
for the Right PMT (seefig.19): the average valueis~ 11.4 ns- pC'/2. A, wasfixed to the
mean values of the charge distributions. The corrections 6t;, ; obtained in this way were
included event by event in the At;, r determination:

(Atp)e = Aty + 0t = (t, —ts) + 0t = (L) — ts (25)
(Atg)c = Atg + 0tg = (tg — ts) + 0tg = (tr)c — ts. (26)

Figure 20 shows that the distributions of the times after the correction are on average nar-
rower than those before correction (see fig.9) but the mean values of such distributionsare
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Figure 17: At contribution to the distributions of t as a function of A.

not modified in asignificative way. Intrinsic resolutions were then recal culated correcting
for the contribution of the start of the telescopes (see tab.4), obtaining, on average, an
improvement in intrinsic resolution of about 40 ps (49 ps) for the counters of length L =
250 cm (L = 180 cm). After this last corrections the resolutions averaged over the five
telescopes for the two counter lengths are:

oc(L =250 cm) = (168 £ 17) ps (27)

oc(L =180 em) = (152 £ 12) ps. (28)

The procedure of correction of the time walk effect described above improves of the
resolutions of the counters with respect to the values estimated in 4.2. However it has
to be noticed that in the calculation in 4.2 of the intrinsic PMT time resolution o7, . =
03, ,—0. thetimewalk effect was partially included because of the evaluation of o from
OAt +’, oas_- Asaconsequence, the improvement of the resolution due to this correction
would be larger than what deducible from the comparison between (11)-(12) and (27)-
(28). If the procedure for the calculation of 0¥ by the likelihood function £ is repeated,
an average improvement in resolution of 32 ps (40 ps) for L = 250 cm (L = 180 cm) (see
table 5 and figure 21) is obtained:

ol (L = 250 em) = (165 + 15) ps (29)

ot (L =180 cm) = (145 4 14) ps. (30)
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Figure 18: Dependence of time on charge, counter 38, Left and Right PMT.
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Table 4. Average resolutions corrected for timewalk and rms.

L = 250 cm, 26 counters L =180 cm, 13 counters
Tel | 04, (pS) | 01,(PS) | oc(ps) | Tel | o1, (pS) | 01x(PS) | oc(ps)
170 £58 | 302+ 10 | 167 49 122 +49 | 318 =39 | 168 18
208 =71 | 292 £ 58 | 178 £ 37 220 425 | 198 £ 35 | 150 £ 27
190+ 71 | 2454+ 73 | 149 £ 35 200+ 38 | 222+ 40 | 140+ 19
220+£52 | 217+ 58 | 164 4+ 34 215+ 26 | 180+ 21 | 142 + 40
294 +42 | 208 £ 56 | 184 + 35 256 30 | 179 £49 | 158 + 28

QbW N
g bW N~

Table 5. Average time walk corrected (4 rms) intrinsic resolutions as calculated with the
likelihood method.

L =250 cm, 26 counters | L = 180 cm, 13 counters
Tel o (p3) Tdl o (ps)

1 174 £ 10 1 154 £ 19

2 166 £+ 49 2 145 + 44

3 142 + 38 3 130 4 28

4 158 £+ 30 4 142 £+ 40

5 183 £+ 44 5 153 £ 27
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Figure 20: Time distributions, corrected for the time walk, for the Left and Right PMT’s
of TOF-WALL counter n. 13 (for the uncorrected distributions see fig.9).
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Figure 21: Time resolutions as obtained by (16) (v) and by (7) (A) as a function of the
distance from the Left PM T, along the counters with L = 250 cm (above) and L = 180 cm
(below) (the centers of the counters are at 125 cm and at 90 cm respectively). The error
bars show the rms of the distributions.
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5 Conclusions

The analysis of the performances of the scintillator counters used for the TOF-WALL
detector of the HARP experiment showed that:

1.

all counters are fully efficient (e = 1 within statistics), with low (< 1 KHz) single
counting rate: the scintillators are therefore able to detect all the secondary particles
expected to hit the TOF-WALL;

the attenuation length \ of the scintillation light inside the countersis about 400 cm,
therefore alarge fraction of the photons reaches the PM T’s photocatode (maximum
distance 250 cm);

the intrinsic resolution o of the counters on the crossing time of a particle, de-
termined as ¢, = 1'%, is on average 208 ps (201 ps) for L = 250 cm (L = 180
cm);

in HARP the resolution on the crossing time can be improved by the knowledge of
the particle's impact point along the counter (measured by drift chambers). In this
case o reaches 197 ps (185 ps) for L = 250 cm (L = 180 cm);

by correcting the measured times for the PMT signal amplitude dependence (time
walk) the time resolutions improve to oY = 165 ps (145 ps) for L = 250 cm (L =
180 cm);

the resolution of the short counters (L = 180 cm) is better than that of the long
counters (L = 250 cm), therefore the former are more suitable for the central part of
the TOF-WALL, where the most energetic particles produced at the HARP target
are expected.
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