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Abstract

The construction and performance of a large area time-of-flight detector for the DIRAC experiment at CERN is

reported. With an average time resolution of 123 ps per counter at rates up to 1 MHz; it allows excellent separation of
pp� from pþp� pairs up to 4:6 GeV=c momentum, as well as of Coulomb-correlated pion pairs from accidentals. The

optimization of scintillator material, photomultiplier performance and readout electronics is described.r 2002 Elsevier

Science B.V. All rights reserved.
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1. Overview of the DIRAC experiment

The DIRAC experiment at CERN aims to form
Pionium ðpþp� atomic states) and to measure its
lifetime with 10% accuracy [1]. The method for
detecting such pþp� Coulomb bound states is to
produce them by means of a high intensity proton
beam colliding on a thin nuclear target, and to
observe pþp� pairs from the atom break-up
(ionization) within the target. These ‘‘atomic
pairs’’ are characterized by the low relative

momentum Q in their center of mass system
ðQo3 MeV=cÞ and they are identified as an excess
over the background of free pion pairs. The
DIRAC experimental setup was then designed to
detect charged pion pairs at small opening angle
with very high momentum resolution, both in the
longitudinal and transverse components (better
than 1 MeV=c for QL and 0:5 MeV=c for QT).
It consists of a double arm magnetic spectro-

meter which was installed and commissioned in
1998 at the T8 beam area of the PS East Hall at
CERN. The spectrometer is arranged on a
secondary particle channel, inclined upwards by
5:71 with respect to the incoming proton beam
direction, and the channel aperture is 1:2 m sr: The
24 GeV=c beam is delivered in the form of 0:40 s
spills with 1� 1011 protons, that impinges on the
DIRAC nuclear target station. To track the
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produced pþp� pairs, a first set of detectors is
placed upstream of the spectrometer magnet: four
planes of a Gas Electron Multiplier (GEM) with
MSGC readout, a Scintillation Fiber Detector
(SFD) and an Ionization Hodoscope (IH). The
pairs are split up in the horizontal plane by a
1:65 T dipole magnet. Downstream the magnet
two identical arms have been built each including
the following detectors: a fast Drift Chamber
system (DC); the Vertical Hodoscope (VH) array,
or time-of-flight (TOF) detector described in this
article; a Horizontal Hodoscope; a threshold gas
Cherenkov counter (C); a Preshower counter (Ps);
a Muon identification system (Mu) [2]. A top view
of the DIRAC setup is shown in Fig. 1.
A multi-trigger system is installed to cope with

the very high counting rates in the spectrometer
and to select small relative momentum pairs
ðQo30 MeV=cÞ [3]. The trigger performance relies
heavily on the VH detector described in this paper.

2. Purpose and requirements

In such double-arm spectrometer a hodoscope
system is necessary to provide a fast coincidence
between the positive and negative arms, at the first
level of trigger. This is achieved with the vertical
hodoscope array described in this article (called
TOF system throughout the text), in conjunction
with an additional array of horizontal hodoscopes

covering the same acceptance. The latter is used to
provide a planarity requirement for the pion
pairs [3,2], and will not be described here. The
TOF detector in DIRAC is also used in a specific
fast trigger algorithm, the so-called level 3
trigger, which selects equal-momentum pairs
ðQo30 MeV=cÞ by means of correlations between
this detector and a small vertical hodoscope before
the magnet [4].
Besides the performance related to its trigger

function, the detector must achieve two additional
goals:

* separation in the off-line analysis between real
(Coulomb-correlated) and accidental (non-
Coulomb-correlated) pion pairs with maximum
purity. The latter are required by the experi-
mental procedure in order to perform an
accurate calibration of the Coulomb interac-
tion,

* identification of background pairs other than
pp; mainly pp�; missidentified ep; and to a
lesser extent Kp pairs.

Within the geometry and momentum coverage
of the spectrometer from 1 to 6 GeV=c; the
previous two requirements can only be achieved
with a resolution in the time difference between the
two arms better than 200 ps (141 ps for single
measurements). Note that since we actually tag
particle pairs, no additional detector is required to
perform this measurement. This resolution must

Fig. 1. Top view of the DIRAC spectrometer. The TOF detector is placed downstream the magnet at a distance of 11:6 m form the

target.

B. Adeva et al. / Nuclear Instruments and Methods in Physics Research A 491 (2002) 41–5342



be sustained up to a counting rate reaching 1 MHz
per counter at maximum.

3. Detector design and optimization

The TOF detector consists in two identical
scintillation hodoscopes located downstream the
magnet along the secondary particle channel and
covering an area of 5040 cm2 in each spectrometer
arm. Each hodoscope includes an array of 18 long
rectangular scintillator counters, vertically ar-
ranged. An overall picture of this detector after
installation can be appreciated in Fig. 3.
In Fig. 2, a scheme of one individual counter is

shown. The scintillator material is Bicron BC420
and the slab dimensions are 40 cm length, 7 cm
width and 2:2 cm thickness. In order to avoid
position dependence in the time measurements, it
is read out at both ends by two photomultipliers
coupled to a fish-tail light guide.
Let us briefly review the constraints in the design

of a detector of this kind, and describe how the

scintillation material, photon detector and the
readout electronics were optimized to achieve the
best resolution.
The time jitter in a TOF measurement, using

scintillation detectors, receives contributions from
at least the following sources:

* interaction time with the scintillator and scin-
tillator decay time (ssci),

* time spread in the light collection due to path
length variations (spl),

* time jitter in the photomultiplier, including
transit time spread (spmt),

* time walk in the electronics readout system,
including discrimination, mean-timing, digital
conversion and delay lines (sel).

A simple parametrization of the overall contribu-
tion [5] comes from the assumption that the first
three sources can be applied to individual photons
or photoelectrons, and therefore scale as 1=

ffiffiffiffiffiffiffiffi
Npe

p
;

with Npe being the number of photoelectrons. This
is expressed in the very approximate formula:

st ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2sci þ s2pm þ s2pl

Npe
þ s2el

s
: ð1Þ

We have studied the light output and the resolu-
tion characteristics of different scintillator materi-
als, photomultipliers and readout electronics, in a
series of tests performed at the T9 beam line of the
PS accelerator at CERN. The beam was set to
select charged pions with momentum between 1
and 5 GeV=c: The rate capability was tested using
different beam intensities, to produce average
particle rates ranging from 1� 104 to 2�
106 s�1; corresponding to the requirements of the
DIRAC experiment. The results are reported in
the following subsections.

3.1. Scintillator material

Two main requirements must be fulfilled by the
scintillator material, aiming for a good time
resolution:

* the characteristic decay time of light emission
processes has to be as short as possible,

* the number of photoelectrons that reach the
photomultiplier has to be large enough, and

Fig. 3. Photography of the TOF detector during installation in

the DIRAC experimental area after the dipole magnet.
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Fig. 2. Lateral view of a TOF counter slab.
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independent of the impact point over the
counter front dimensions. This implies a high
efficiency to convert the ionization energy into
scintillation light as well as in photon transmis-
sion to the photomultiplier.

Three different materials were considered as
possible candidates: BC-408 and BC-420 from
BICRON, oriented to ultra-fast timing applica-
tions, and a scintillator material developed by the
High Energy Physics Institute IHEP in Protvino
(Russia) [6,7]. In Table 1, the main features of
these plastic materials are summarized.
In the CERN test, the pulse-height resolution

was examined for each case, and the light
attenuation checked by varying the position of
the beam along the counter. We determined the
average pulse-height in the ADC ð/ADCSÞ; and
the width of its distribution in a Gaussian fit ðsphÞ:
For those cases in which the pulse-height resolu-
tion were fully described by photoelectron statis-
tics, it is known that the squared ratio
ð/ADCS=sphÞ

2 determines the number of photo-
electrons. However, there are in general other
possible fluctuations contributing to this quantity,
particularly in the cases where the number of
photoelectrons is large. We have empirically taken
this ratio as a reference for the relative perfor-
mance of the counters using different materials.
The results are given in Fig. 4 for each scintillator,
at three different positions of the beam spot with
respect to the light guide. The BC-420 produces
the largest values (208 near the light guide), and it
also shows better uniformity.

3.2. Photon detection

As explained before, the main requirements for
the photomultiplier and the voltage divider are in

first place, to provide a detector resolution in the
time difference better than 200 ps; and secondly to
guaranty a stable operation at high particle rates,
up to 1 MHz:
The short transition time spread photomultiplier

R1828-01 from Hamamatsu has been considered
as optimum candidate, and compared to other
possible choices in terms of time resolution and
rate capability, as described next.

3.2.1. Time resolution

Three identical scintillator counters were
equipped with the photomultipliers indicated in
Table 2, and studied in a beam test at CERN. The
first two photomultipliers are based on a 12-
dynode linear focused structure, whereas the third
one (R2490) uses a fine mesh electrode structure
with 16 amplification stages, specially made for
good time resolution performance [8]. Each
counter was connected to two photomultipliers,
one at each end.
The delay between the external trigger signal

and the signal from each photomultiplier was
digitized by a C414 CAMAC TDC, using a C808
constant fraction discriminator. To avoid the jitter
of the trigger signal, the time differences t1 � t2
between both ends were off-line analysed. Con-
sidering that the timing features of both photo-
multipliers are the same, we can obtain the time

Table 1

Main features of the three scintillator materials chosen as

candidates for the construction of the DIRAC TOF detector

Plastic % light Rise time (ns) Decay time (ns) l (cm)

Bc408 64 0.9 2.1 210

Bc420 64 0.5 1.5 140

IHEP 56 0.6 1.9 80
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Fig. 4. Values of ð/ADCS=sphÞ2 measured for different

scintillator materials at various beam positions along the

counter.
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resolution for a single measurement by dividing
the sigma value of this distributions by the square
root of two:

sT ¼
st1�t2ffiffiffi

2
p ¼

sDTffiffiffi
2

p : ð2Þ

In Fig. 5, the resolution in the time difference
(sDT ) is shown for the three prototypes, at several
beam positions along the counter. In all cases, the
average time resolution is better than the required
200 ps: Because the resolution values are system-
atically lower for the Hamamatsu photomultipliers
R1828 and R2490 than for the Philips XP2020, we
only retained the former two for further tests on
the rate capability, as described in the following
section.

3.2.2. Rate capability

In the high particle flux of the DIRAC experi-
ment the design of the voltage divider is critical,
because the bleeder circuit defines the rate limit for
linear operation.
We want to keep the photomultiplier gain stable

against the incoming particle flux, within a safe
operation range up to 1 MHz: This implies a linear
operation in the detector, i.e. proportionality
between the anode current (Ia) and the incident
flux in the photocathode. Non-linearity effects
appear when, due to high rate operation, Ia
increases in such a way that the voltage drop in
the last amplification stages becomes significant
and causes gain instability, due to insufficient
bleeder current (Ic) supply.
The relative variation of the gain is proportional

to the ratio between anode and bleeder current
[10]. For a large number n of amplification stages
(n ¼ 12; in our case), and moderately large value
of the secondary emission factor ðdE4Þ; it can be
approximated by the expression:

DG

G
E

n

n þ 1

Ia

Ic
: ð3Þ

In order to evaluate this effect and with the aim of
determining the rate capability of our prototypes,
a laboratory test was performed. A red LED
source connected to a pulse generator was used to
simulate an increasing particle rate. The light
output was set to generate a signal approximately
equal to the one produced by a MIP, and delivered
at the center of the counter. Amplitude and width
of the photomultiplier output signal where studied
as function of the LED frequency.
The results obtained using the R1828 photo-

multiplier equipped with the standard voltage
divider designed by Hamamatsu are shown in

Table 2

Features of the three photomultipliers tested, according to the manufacturers [8,9]. They include rise time, transition time, transition

time spread, number/type of dynodes and radiant photocathode sensitivity. The latter values are quoted at the wavelength

corresponding to the maximum sensitivity (B420 nm in all cases)

PMT Rise time (ns) TT (ns) TTS (ns) Multiplication section Ph. C. Sensitivity (mA/W)

R1828-01 1.3 28 0.231 12/Linear 85

XP2020 1.5 36 B 0.250 12/Linear 80

R2490 2.7 14 0.150 16/Mesh 70
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Fig. 5. Time resolution obtained in the beam-test with the
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Fig. 6 (open circles). When the frequency is
increased the amplitude and width remain con-
stant up to a maximum value B1� 103 Hz where
they abruptly change. This signal saturation will
certainly affect the time resolution, and it is well

below the DIRAC specifications. Note that this
behavior is related with the voltage drop in the last
amplification stage, as indicated in the bottom part
of Fig. 6.
A common solution to increase the rate

capability of such a scintillation detector is to use
an additional power supply in the last dynodes
(booster), to allow an increased bleeder current.
This was done and the result shows some
improvement Fig. 6 (black circles) with a mea-
sured current of 2 mA; but the rate capability is
still insufficient. A new bleeder circuit was then
designed (see Fig. 7) to increase the current
through the divider by a factor B3:We compared
the performance of this divider (referred to as
DIRAC circuit) with that of the standard divider,
boosted by either one or two additional power
supplies. A maximum acceptable rate was defined
in each case according to the LED tests illustrated
in Fig. 6, particularly from the width increase. The
performance of the R2490 photomultiplier from
Hamamatsu (with standard divider) was also
included in the comparison for reference. The
results for the maximum frequency achieved in
each case are shown in Fig. 8(a). It is observed that
2 MHz can be reached with our voltage divider,
with the R1828 photomultiplier. This determined
our choice, given the fact that the high perfor-
mance R2490 (see Fig. 5), is less cost-effective.
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Further tests on rate capability were performed
with the pion beam at CERN, using the electronics
previously described. We show in Fig. 8(b) the
shape of the ðt1 þ t2Þ=2 distribution from the
meantimer output (in TDC counts) at 1:2 MHz
rate, using the R1828-1 photomultiplier equipped
with the DIRAC divider. It becomes clear that
without use of additional power supply, the signal
is strongly distorted. But when the last 4 dynodes
are powered independently, a prompt time dis-
tribution is restored.

3.3. Electronics readout

In order to minimize time slewing effects with
signal amplitude and to achieve a time definition
independent of particle impact point, we chose to
use Constant Fraction Discrimination coupled
with Mean Timers. We tested the LeCroy L3420
and the CAEN C808 constant fraction discrimi-
nators, both in conjunction with the CAEN C561
meantimer. In addition, a special unit developed in
the Juelich Laboratory that integrated both con-
cepts called RALEX [11], was included in the tests.
Digitization of ðt1 þ t2Þ=2 values was achieved by
means of a CAEN C414 TDC stopped by the
meantimer output. At the CERN T9 pion beam, a
comparison was made between the three different

setup in terms of resolution and time uniformity as
function of the beam position (measured from the
center of the counter). The results are illustrated in
Fig. 9 and show a good performance in all cases,
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with slightly better behaviour for the couple C808
and C561 in both resolution and uniformity.

4. DIRAC setup and performance

The detector was installed in the spectrometer in
July 1998, and DIRAC has been collecting data
since summer 1999. The geometrical layout of
both telescope arms has been described in Section
3, and it is shown in Fig. 2. The photomultiplier
signals are split to participate in the trigger (first
and third level) and to be read out by the DAQ
system. The latter must be delayed approximately
400 ns in order to await trigger decision. The delay
line has been considered in some detail in order to
preserve the time resolution. After several tests it
was decided to use 79 m shielded twisted-pair
cable, NK networks 9923, that provides a double
pulse resolution of 60 ns with time jitter smaller
than 80 ps:
Constant Fraction Discrimination is achieved

by LeCroy L3420 units, followed by CAEN C561
Mean Timers to provide position independent
timing. Time digitization is performed by a
LeCroy L4303 Time to FERA Converter (TFC)
followed by a L4300B-600 ADC. The combined
resolution attained by this ensemble reaches 62 ps:
We summarize next the main results concerning
the detector performance.

4.1. Counting rates and detector efficiency

The measured particle rates in the vertical
hodoscope system depend on background condi-
tions, target choice and beam intensity. The first
has been evaluated by making rate measurements
with and without target, where a relation 20–1 has
been achieved in the 2000 run. Fig. 10 shows the
average rate (per arm and per spill) measured
using the 95 mm Ni target for different values of
the beam intensity, up to 8� 1010 p=spill:
In Fig. 11 we show how these particles are

distributed over the 36 counters, in the positive (a)
and negative (b) arms, for a beam intensity up to
8� 1010 p=spill: The measured rates scale approxi-
mately linear with intensity within the tested
values up to 1� 1011 p=spill: When proper nor-

malization to the observed total rate is done, the
profiles shown in Fig. 11 appear to be unchanged
as function of beam intensity. There are thus no
losses due to saturation effects in the indicated
intensity range. Counter numbering for the posi-
tive arm runs from 1 to 18, moving from the outer
part towards the beam. For the negative arm, it
runs from 19 to 36 again from outside to inside.
Detector efficiency has been evaluated using the

information from the drift chambers and the
horizontal hodoscopes. Multiple track events were
used, in order to avoid the trigger correlation. By
extrapolating the particle tracks to the vertical
hodoscope plane we determined the detector
efficiency as function of the local coordinate. The
overall detector efficiency is 98.6%, referred a
continuous coverage of the solid angle. The main
source of the inefficiency resulted to be geome-
trical, related to the dead spaces between counters
(0.72% for the negative arm and 0.56% for the
positive one). The intrinsic efficiency obtained was
99.9%.

4.2. Time resolution

As explained earlier, precision in the time
difference between both arms is critical for
the DIRAC experiment, in regard to both the
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separation of Coulomb-correlated pairs and the
rejection of pp� and Kp background.
In order to determine and calibrate the detector

time resolution we have used a high purity eþe�

sample obtained with the DIRAC Cherenkov
counters [12], normally used in anti-coincidence
in the experiment [3]. This trigger mainly selects
pairs from g conversions and Dalitz pairs. Due to
the ultra-relativistic kinematics of the electron in
the momentum range 2opo6 GeV=c; the TOF
for eþe� pairs does not depend on particle
momentum. In addition, accidental coincidences
for eþe� pairs within the 40 ns time window of the
experiment are very rare, and practically all
observed pairs are strongly time correlated.
Some cuts have been applied in order to make

the analysis as close as possible to the one with
pion pairs: only events with one counter hit in each
arm, on both vertical and horizontal hodoscopes,
have been considered. In addition, these events
must have one reconstructed drift chamber track
in each arm, and the timing measured in the
vertical and horizontal hodoscopes are required to
be compatible.

The data analysis requires in first place a time
calibration (or time alignment) procedure, and
secondly a correction to the time difference due to
the different pathlength traveled by each particle
in the pair. Time offsets between individual
counter signals arise due to several reasons: small
differences in photomultiplier performance (transit
time), variations in the signal cable lengths, and
channel-to-channel delays in the readout electro-
nics. A 18� 18 alignment matrix has been
determined for all counter pairs, as main input
for a calibration database.
The pathlength correction is calculated as

follows: the hodoscope hit for a given particle is
associated to a track segment measured in the drift
chambers. Track bending is simulated by a kink at
a point C; defined by the intersection of the
segment extrapolation and a vertical plane per-
pendicular to the beam at the magnet center (see
the overall layout in Fig. 1). The particle path-
length is then calculated as L ¼ L1 þ L2; where L1

is the distance between the intersection point C

and the hodoscope impact point, and L2 is the
distance between C and the beam center at the
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target position. The corrected time difference Dtc is
defined as

Dtc ¼ Dt �
DL

c
ð4Þ

where DL is the difference in particle pathlengths
as described before, and Dt is the difference
between time-aligned measured values.
For simplicity, we have considered here only the

combinations of symmetrical counters with respect
to the detector center line, following the number-
ing convention illustrated in Fig. 11. The time
resolution was obtained by means of a Gaussian fit
for each combination, and it is shown in Fig. 12.
We indicate separately the results obtained before
and after the pathlength correction. It is clear that
the improvement is significant, specially for the
counters at larger angles. The observed resolution
in the time difference is better than 200 ps for all
combinations. Indeed, this correction causes the
resolution values to be quite uniform across the
detector, ranging from 150 to 200 ps:
We have also determined the global (average)

resolution in the time difference Dtc using the
whole sample of eþe� events (with the cuts
previously reported), including all counter combi-
nations that actually happen in the spectrometer
data. The Dtc distribution is shown in Fig. 13. The
sigma value obtained from a Gaussian fit is 174 ps:
From this result we quote an average time
resolution per counter of 123 ps; according to
expression (2).

In Table 3 we summarize the main design and
geometrical features of TOF detectors found in the
literature [5] for different particle physics experi-
ments, including their published values of the time
resolution. Clearly, the DIRAC detector is among
the most accurate.

5. Separation of real and accidental hadron pairs

The extrapolation method proposed in DIRAC
[1] to determine the pionium lifetime requires a
precise knowledge of the relative pþp� momentum
spectra for both the time correlated pairs (which we
call real pairs) and uncorrelated (accidental) pairs.
Contrary to the electron case, the pion velocity is

a function of the momentum that needs to be taken
into account, if we want to have a precise
determination of the actual time difference between
the two particles at production time. Making the
pion mass hypothesis, and using the particle
momentum and trajectory measured by the DIR-
AC spectrometer, we calculate the predicted differ-
ence in arrival time to the hodoscopes as

Dtpred ¼
Lþ

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

mþ

pþ

� �2
s

�
L�

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

m�

p�

� �2
s

ð5Þ
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where Lþ�; pþ� and mþ� are the particle path-
lengths, momenta and mass, respectively, for
positive and negative particles. It is assumed that
mþ ¼ m� ¼ mp: So we determine the difference
between the measured time interval (after time
alignment) Dtmeas and the predicted one: Dt ¼
Dtmeas � Dtpred: This distribution is shown in
Fig. 14 for a hadron sample obtained with the
standard DIRAC pþp� trigger. A narrow peak is
observed which corresponds to the real (Coulomb

correlated) pairs ðN2þ N3 in Fig. 14), and a flat
background of accidental pairs ðN1þ N4 in the
same figure) mostly originated by hadrons that
belong to different proton–nucleus interactions.
The excess in the right-hand wing of the peak is
due to contamination of final state protons from
target fragmentation (see later). The sigma value
obtained by making a Gaussian fit to the peak
(193 ps) is similar to that achieved for the eþe�

sample, as reported previously. The time spectrum
shown in Fig. 14 is used in the experiment to
perform off-line separation between real and
accidental pairs, thus allowing a precision calibra-
tion of the Coulomb interaction.

6. Identification of pp- and Kp pairs

Fig. 15 (top) shows the momentum spectrum
measured by the spectrometer in the laboratory
system for positive and negative particles, selected
by the standard hadron trigger. It covers the
interval between 1:5 GeV=c and 7 GeV=c: In the
bottom part of Fig. 15 we show how this
momentum spectrum correlates with the TOF
counter numbers in each arm. As expected from
the detector segmentation in the bending plane,
high momentum is seen by the counters closer to
the beam.
The pp� identification is clearly appreciated in

the correlation between the time difference mea-
sured in the TOF detector (with pion velocity

Fig. 14. Time difference between positive and negative particles

with the standard hadron trigger, after the pion velocity

correction.

Table 3

Comparison of time resolution for several TOF detectors

Detector Scintillator Length Width Thickness Photomultiplier s
(cm) (cm) (cm) (ps)

CERN [13] NE102A 25 8 2 Phi. XP2020 123

DASP [14] NE110 172 20 2 RCA 8575 210

E813 [15] BC408 200 8.5 5 Ham. H1949 110

ARGUS [16] NE110 218 9.3 2 RCA 8575 B 210

CLEO II [17] BC408 280 10 5 Amp. XP2020 139

OBELIX [18] NE110 300 B 9.3 4 Phi. XP2020 170

E735 [19] BC408 305 10 5 Phi. XP2020 110

MARK III [20] NE Pilot F 317.5 15.6 5.1 Amp. XP2020 B 171

DELPHI [21] NE110 350 20 2 EMI 9902KB 1200

CLAS [22] BC408 32–450 15–22 5.1 XP4312B/D1 163

DIRAC BC420 40 7 2.2 Ham. R1828-01 123
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correction) and the particle momentum, which is
represented in Fig. 16. Two bands are clearly
observed over the background of accidental pairs.

The vertical one, centered around zero, shows the
pþp� signal (with a possible component of other
equal mass pairs). The second band represents pp�

pairs, where the proton is slowed down due to its
higher mass. Also shown in the insert of Fig. 16 is
the kinematic prediction of this curve, which
agrees well with the data. The experimental points
represent the results of a Gaussian fit to the peak
value of Dt in different momentum bins. A similar
fit procedure also shows a small signal for Kp
pairs. Another way to present these results is to
plot the distribution of the positive particle mass
according to expression (5), once the pion mass
has been fixed for the negative one. The result is
shown in Fig. 17, where the proton and kaon
peaks are clearly visible.

7. Summary

A time-of-flight detector array has been built
and it is operational for the DIRAC experiment at
CERN with 123 ps average resolution for all
counters. This resolution is uniform across the
detector acceptance and it has been tested with
particle rates up to 1 MHz per counter.
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