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The first measurement of the time-of-flight (TOF) resolution of a Bicron-408 scintillation counter
equipped with magnetic-resistant fine-mesh Hamamatsu R7761-70 photomultipliers is presented.
The data were obtained using the proton beam of the MC50 Cyclotron of the Korea Institute of
Radiological and Medical Sciences (KIRAMS). The TOF resolution
p for ∼45-MeV protons is 18.2
ps. Its dependence on the light output L is well fitted by 41.6ps/ L/LM IP , where LM IP denotes
the light output produced by relativistic minimum-ionizing muons which deposit ∆E ∼ 6 MeV in
the detector volume.
PACS numbers: 29.40.Mc, 29.30.Ep
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I. INTRODUCTION

Accelerator Facility (CEBAF) from the current 6 GeV to
12 GeV and upgrades of existing detectors.
Time-of-flight detectors are traditional tools for
electron-scattering and meson-photoproduction experiments [6]. A new generation of experiments at JLAB
sets an additional requirement for such detectors: operation in a magnetic field is now a desirable option.
One component of the newly-developed CLAS12 detector [7] will be the central time-of-flight (CTOF) system. The system detect and identify of charged particles
emitted at central scattering angles from 40◦ to 130◦ . It
will be located inside a superconductive solenoidal magnet, which will generate magnetic fields up to 5 Tesla for
the momentum analysis. The CTOF assembly will be a
barrel made of fifty 66-cm-long, 3-cm-thick, and 3-cmwide scintillator counters, which will surround a target
at a distance of 26 cm. The requirements for the CTOF
system are i) TOF resolution σT OF ≤ 50 ps; ii) operation
at high count rates up to 106 pulse/sec in each counter;
iii) operation in magnetic field of the central solenoid.
One solution for the CTOF design is based on
magnetic-resistant fine-mesh photomultipliers. Fine-

High-energy lepton-nucleon and photon-nucleon experiments are important tools to explore the nucleon
structure. Deeply virtual processes provide access to
the transverse and longitudinal quark momentum distributions described by generalized parton distributions
(GPDs) [1]. Analysis of elastic and quasi-elastic scattering allows the retrieval of two orthogonal one-dimension
projections of the proton and the neutron [2]. On the
other hand, meson photoproduction provides information regarding the spectrum of nucleon excited states nucleon resonances [3,4].
A new research program at Jefferson Lab (JLAB) aims
at high-precision 3-D imaging of the nucleon by means
of electron scattering and deeply exclusive processes like
Deeply Virtual Compton Scattering and Deeply Virtual
Meson Production [5]. It also includes meson-production
experiments with quasi-real photons. This program requires a major upgrade of the Continuous Electron Beam
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mesh photomultipliers have been developed for applications in magnetic field up to 1.5 T [8]. Their dynode
system has a structure of fine-mesh electrodes stacked in
close proximity. Such dynodes provide an improved pulse
linearity and resistance to external magnetic fields.
A critical question for the CTOF design is whether an
acceptable TOF resolution could be achieved with this
type of photomultipliers. Furthermore, the general development of the CTOF system requires comprehensive
tests of a prototype counter, including a measurement of
the time-of-flight and the amplitude responses at different coordinates along the counter axis.
In this paper, we report the first measurement of
the TOF resolution of a plastic-scintillation counter
equipped with fine-mesh Hamamatsu R7761-70 photomultipliers. Simultaneously, we present a new method
to investigate the operation of scintillation counters and
the characteristics of the photomultipliers when using a
well-collimated proton beam. The method has been implemented at the MC50 Cyclotron of the Korea Institute
of Radiological and Medical Sciences.

II. METHOD AND EXPERIMENTAL SETUP
If a long scintillation bar is viewed by two photomultipliers (PMs), the arrival times at the PMs, t1 and t2 ,
corresponding to a particle-induced scintillation are defined by the following relations:
t1 = T OF + x/v + Const,
t2 = T OF + (L − x)/v + Const,

(1)

where TOF is the time-of-flight of a particle from a certain point (target), x is the coordinate of a scintillation
along the counter axis, L is the total length of a bar, and
v is the effictive speed of light propagation inside a bar,
the constants originate from cable and electronic delays.
Therefore, the TOF and the coordinate can be derived
from the PM times:
T OF = (t1 + t2 )/2 + Const,

(2)

x = v(t1 − t2 )/2 + Const.

(3)

The TOF resolution is
σT OF = σ((t1 + t2 )/2) =

1p 2
σ (t1 ) + σ 2 (t2 ),
2

(4)

where σ(t1 ) and σ(t2 ) are the effective time resolutions
in each PM channel. The variation of the time difference
is equal to the TOF resolution:
σ((t1 − t2 )/2) =

1p 2
σ (t1 ) + σ 2 (t2 ) = σT OF .
2

(5)

If a scintillation counter is irradiated by a narrow proton beam, the beam generates a peak in the distribution of events over the coordinate x. It follows from
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Eq. 3 that the coordinate distribution is equivalent to
the time-difference spectrum (t1 − t2 )/2 scaled by the
factor v. The width of this peak in the time-difference
spectrum, σpeak , is defined by the size of the beam spot
∆x and by the timing performance of the counter
σpeak = σ((t1 − t2 )/2 + ∆x/v)
q
= σT2 OF + σ(∆x/v)2

(6)

where σ(∆x/v) is the root-mean-aquare (rms) value in
the coordinate distribution of events due to the finite
beam dimension. For a point-like beam ∆x ∼ 0,
σpeak = σT OF .

(7)

A well-collimated proton beam allows the TOF resolution to be obtained by measuring the time-difference
spectrum (t1 − t2 )/2.
In the practical implementation of this method a
counter made of a 50 × 3 × 2 cm3 Bicron-408 plastic
scintillator bar was used. The bar was viewed by two
fine-mesh Hamamatsu R7761-70 photomultipliers. The
photocathodes of the R7761-70 photomultipliers were 27
mm in diameter and covered 80% of the 2 × 3 cm2 butt
surfaces of the bar.
The counter was irradiated by the proton beam of
the MC50 Cyclotron of KIRAMS. The beam was collimated by using a collimator made of 3 stacked 7-mmthick steel plates. The plates had successively reducing
holes of 5, 3, and 1 mm in diameter in the first, second, and third plates, respectively. The plate with the
1-mm-diameter hole was attached directly to the 2-cmwidth side of the counter. The whole collimation assembly and the counter were fixed at the end of the beam
pipe. Geant4 simulations showed that such collimator
reduced the contamination by protons scattered on the
collimator walls and minimized the size of the beam spot.
The beam current was set to 0.15 nA. At this current,
the count rate in the counter was ∼105 pulses/s. The
high voltages for the PMs were set to relatively low values, 1400 V, to avoid saturation of PM anode pulses due
to the high gain of the fine-mesh photomultipliers.
The PMs times t1 and t2 and their pulse heights A1
and A2 were digitized by using LeCroy 2228B TDCs and
LeCroy2229B ADCs and recorded on-line. One photomultiplier generated the common TDC START and triggered the acquisition. Both photomultipliers generated
the STOP signals for the TDCs.

III. LIGHT-OUTPUT SPECTRUM
The light-output spectrum was obtained as the geometrical mean of two
p PM pulse heights after the pedestal
subtraction L = (A1 − ped1 )(A2 − ped2 ) (Fig. 2). It
exhibits a peak at channel that corresponds to about 45
MeV of the proton kinetic energy and a tail at lower
channels.

-450-

Journal of the Korean Physical Society, Vol. 55, No. 2, August 2009

Fig. 1. Experimental setup.

Fig. 3. Schematic view of cosmic-ray measurements
Fig. 2. Beam spectrum.

Due to Birks’ effect [9], protons which stop inside a
detector are well known to produce less light per unit of
deposited energy than relativistic minimum-ionizing particles. To calibrate the light output, we assigned a proton
light output to the light output produced by minimumionizing cosmic-ray muons that crossed the counter at
90◦ and deposited an energy ∆E ≈ 6 MeV.
The muon spectrum was measured just after the end of
the beam run. The counter was detached from the beam
pipe. The count rate of muon events is essentially lower
than the background in the experimental hutch. To reject this background, we placed the second counter 35
cm below the main counter (Fig. 3). The design of this
counter was similar to the main one. The coincidence of

four signals from two counters was requested to trigger
the acquisition. This made it possible to select on-line
mostly those events in which
p a cosmic-ray muons passed
both counters. The L = (A1 − ped1 )(A2 − ped2 ) spectrum from the first counter was used to calibrate the
light output.
Beam protons stopped inside the counter and totally deposited their energies in the counter volume.
Fast muons passed through the counter and acted as
minimum-ionizing particles. Their energy depositions
depended on the track length inside the counter, i.e., on
the angle between the muon trajectory and the counter
surface.
The light-output spectra produced by both beam protons and cosmic-ray muons are shown in Fig. 2 and
Fig. 4, respectively. The muon spectrum contains the
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Fig. 5. One example of the (t1 − t2 )/2 spectrum. Gaussian
fit of the peak (shown as a solid curve) is one of the ways to
extract the TOF resolution.

Fig. 4. Light-output spectrum of cosmic-ray muons.

minimum-ionization peak (MIP). The maximum of the
MIP is located in the channel 130 and corresponds to
muons which cross the counter in a direction perpendicular to its top surface. Further, the position of the MIP
maximum is used as a measure of the light output.

IV. TIME-OF-FLIGHT RESOLUTION
An example of the measured (t1 − t2 )/2 spectrum is
shown in Fig. 5. The spectrum contains a narrow peak
generated by beam protons. The width of the peak can
be extracted by means of a Gaussian fit of this peak.
However, because of the limited TDC resolution, the
procedure is quite sensitive to the histogram binning.
If correct results are to be obtained, the width of the
histogram bins has to be properly chosen. In our case,
it was set equal to the discretness of (t1 − t2 )/2, i.e., to
a half of the width of one TDC channel.
To assure the quality of the results, another method
was employed as well. The center of the peak gravity,
Mpeak , and the mean square deviation, σpeak , were directly calculated from the sample of collected events as
N

ev
1 X
Mpeak =
xi ,
Nev i=1
v
u
Nev
u 1 X
σpeak = t
(Mpeak − xi )2 ,
Nev i=1

(8)

(9)

where Nev denotes the total number of selected events
and xi is the time difference derived from the TDC readouts chtdc1i and chtdc2i for each recorded event as
xi = r(chtdc1i − chtdc2i ).
Here, r denotes the width of one TDC channel.
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(10)

The width of the peak is, in fact, a combination of the
TOF and the electronic resolutions:
q
2
σpeak = σT2 OF + σelectronics
(11)
The electronic resolution, σelectronics , mostly originates
from the discrete scale of the LeCroy 2228B TDCs. It
was estimated from the spectrum of t21 in which the same
PM signal generates the common START for the TDC
and the delayed STOP (Fig. 1). In fact, 99% of the events
in this spectrum were located in a single channel. The resulting value is σelectronics ∼ 6.9 ps. The corresponding
corrections were implemented following Eq. (11).
Both methods were verified in simulations. The values
t1 and t2 were simulated event-by-event by using random
generators. The generated distribution of t1 imitated
the measured t1 spectrum while the t2 distribution was
Gaussian. The width of the Gaussian distribution was
equal to 2σT OF .
The generated t1 and t2 values were then digitized in
accordance with the discrete scale of the LeCroy2228B
TDC and recorded in the same format as the experimental data files. The experimental and the simulated data
were analyzed using the same codes. The simulated TOF
resolution was reconstructed with an accuracy of 0.1 ps
in the case of the direct calculation and of 0.3 ps in the
case of the Gaussian fit.
The TOF resolution is essentially dominated by statistical fluctuations in the number of photoelectrons produced in the PM photocathodes. These fluctuations spoil
the pulse shape and deteriorate the signal timing. The
number of photoelectrons is proportional to the light output. To retrieve the dependence of the TOF resolution
on the light output, we used events corresponding to the
fixed values of the geometric means of the two PM amplitudes (i.e., to the fixed values of the light output)
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for χ2 = 0.95 for the Gaussian fit. The systematic uncertainty of 2 ps originates from the TDC differential nonlinearity and from the accuracy in the determination of
the MIP position. This dependence clearly indicates the
dominance of statistical fluctuations in the number of
photoelectrons in the TOF resolution.

V. SUMMARY AND CONCLUSIONS

Fig. 6. Dependence of the measured time-of-flight resolution on the light output. Circles are directly calculated
from the sample of collected events. Open squares are the
results obtained using the Gaussian fit. Error bars correspond to statistical errors only. Where not visible, the error
bars are smaller than the symbol size. The curve is a fit of
the experimental data. The difference between the two fits
corresponding to each data set is not seen in the figure.

to extract the TOF resolution. The sample of collected
events was divided into 19 bins following the criterion
p
Li ≤ (A1 − ped1 )(A2 − ped2 ) ≤ Li+1 .
(12)
For each ∆L bin, the width of the peak σpeak was derived
using both methods.
One well-known problem for timing measurements is
the effect of time walks of constant-fraction discriminators (CFD). CFDs generate additional time shifts (time
walks) that depend on pulse heights. The pulse heights
A1 and A2 of the events in each bin are nearly constant.
Therefore, the influence of time walks on the obtained
results was negligible.
The results are shown in Fig. 6. The data obtained by
both methods are consistent. The minor deviation at a
lower light output is explained by increasing contamination by scattered protons. This background differently
affects the results obtained by each method. The TOF
resolution is as good as 18.2 ps for a higher light output L/LM IP ∼ 5.2. It becomes worse at lower values,
reaching ∼ 27 ps for L/LM IP ≈ 2.5.
The data points are well fitted by √ C
. The reL/LM IP

sults of the fit are
41.5 ± 0.11stat ± 2syst (ps)
p
σT OF (L) =
,
L/LM IP

(13)

with χ2 = 2.4 for the directly calculated data points and
σT OF (L) =

41.7 ± 0.14stat ± 2syst (ps)
p
L/LM IP

(14)

The timing performance of a Bicron-408 plasticscintillator counter equipped with magnetic-resistant
fine-mesh Hamamatsu R7761-70 photomultipliers was investigated. The TOF resolution for 45-MeV protons is
as good as 18.2 ps. The overall dependence of the TOF
resolution on the light output is well p
described by the
average fit 41.6 ± 0.13stat ± 2syst ps/ L/LM IP . This
dependence supports the assumption that statistical fluctuations in the number of photoelectrons is the dominant
factor in the TOF resolution.
The results prove excellent timing performance of finemesh photomultipliers. Further measurements in which
photomultipliers will be placed in a magnetic field are
planned. The results are expected to eventually demonstrate the possibility of developing fast scintillation detectors for magnetic-field applications.
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