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Abstract

We have tested several types of TOF counters based on scintillator and pho-
tomultiplier tube in order to measure the lifetime of hypernuclei. With the
advantage of small size of the counter, we obtained less than 30 ps of timing res-
olution, and about 50 ps of overall TOF resolution. The various factors in this
resolution have been studied. The timing resolution dependence on the beam
intensity is also studied.

1 Introduction

Recently we have seen reports on the measurement of lifetime of short-living hypernu-
clei [1, 2, 3] directly measuring the time difference between the formation and decay
of hypernuclei. The lifetime of these measurements ranges from 194 ps to 256 ps
with about 15 % measurement errors. These experiments used scintillating Time Of
Flight(TOF) detectors, and the errors were small compared to the previous measure-
ments using other detectors such as emulsion or bubble chambers.

The statistical error in the measurement of hypernuclei lifetime is approximately

’-—2-;\',—”3-. Here 7is the lifetime of hypernuclei itself, o is the resolution of TOF counters,
and N is the number of hypernuclei events measured. If N is 200 and o= 7, then the
error would be about 10 % of the obtained lifetime r. Therefore the minimum lifetime
measurable with about 10 % resolution is the same as owhen the number of events is
about 200. The more sophisticated analysis using maximum likehood fitting method
is expected to give a little smaller error than this value[l1].

We would like to measure the lifetime with about 10 % of total error for a rather
wide time range over 100 ps. Recently timing resolutions of scintillating counters bet-
ter than 100 ps have been reported mainly due to the development in photomultiplier
tubles(PMT) and scintillator technology {4, 5]. Our TOF system consists of two parts
; beam timing counter and decayed-particle timing counter. We plan to use 1.05 GeV
pion (minimum lonizing particles), and the particles from hypernuclei decay will be pi-
ons and protons with kinetic energy of 40-120 MeV({(non-minimum ionizing particles).

Considering the geometry of our experiment, we can use small size(< 20cm) scintilla-
tors, which is important factor to achieve less than 100 ps TOF resolution. However,
most of the previous measurements on the timing resolution were for large size scintil-
lators and at Jow particle count rate. In this report, we describe our test experiments
on the timing resolution for small size(less than 20cm length) scintillators at both low
and high count rate. The experimental setup is described in section 2, and the analysis
method of the data is explained in section 3. In section 4 we present our results at low
rate of the beam, and the high rate results will be presented in section 5.

2 Setup of test

The test experiment was performed at T1 test beam line at KEK. Figure 1 shows the
test setup. The magnet was set to select positive charged particles with the momen-
tum of 500 MeV/c. The kinetic energies of pions and protons are 380 and 125 MeV
respectively. The beam go through start(S) counter(1x1.5x1 cm?®), two counters to be
tested, and defining(D)(2x2x1.5cm®) counter successively. To identify the particles, we
located two large size scintillation counter before the start counter(P1) and after the
defining counter(P2) with flight length of 2.5 m. The pion and proton were separated
without any background with the difference in the time of flight between these two
counters. From the previous measurement using this test beam line, it is known that
there are comparable number of positrons as well as pions. So our pion beam data
include these electrons.

We prepared several prototype counters schematically drawn in figure 2. The
specifications of each counter we tested are listed in table 1. We tested Bl and B2
types for beam counter(smaller size) and D types for decay counter(larger size but still
4cmx16cm). Table 2 contains the specifications of two different types of Hamamatsu
PMTs. The criteria to select the optimal PMT type we considered were the size,
transit time spread(TTS) values, and rise times. TTS values referred in the Hama-
matsu catalogue were for single photoelectron, and PMTs with smaller TTS values are
selected.

We also tested two different scintillation materials supplied by Bicron, BC418 and
BC420. The decay constants for BC418 and BC420 are 1.4 and 1.5 ns respectively,
the shortest ones of Bicron products at the time of test. The bulk attenuation lengths
of these are 100 and 110 c¢m respectively. These are much shorter than the commonly
used BC408 scintillators. However, for small size scintillators, the bulk attenuation
length should not be a big effect. The light guides were made by ultra violet (UV)
lucite, and attatched to the scintillators and PMTs with optical cement (NE-581). For
D type counter, we tested two different shapes of light guides, Fish-tail and Twisted
shapes. The twisted one was divided into 3 leaves to be matched to the size of R3478
photocathode(15mm in diameter).

One of two anode signals of each tested PMTs were connected to the leading-
edge discriminator(Philips 710). The cable length between PMT and discriminator
was = 3m to reduce the deterioration of rising part of the PMT signal. The outputs
of discriminator were connected to another discriminator once again before it enters



the TDC module after about 200 ns delay. A High Resolution(HR) TDC fabricated by
KEK, with 25ps per channel resolution was used. For the trigger, coincidence between
the start(S) and defining(D) counters was required, and the time 0’ signal of the HR
TDC was given by start(S) counter. The ADC and TDC signals for all PMTs were
recorded by a personal computer using KODAQ data acquisition software.[13] The
single rate on the counters tested was less than 10,000/sec, and the trigger rate was
about 100/sec for the low count rate test.

3 Analysis

The timing resolution of each counter was obtained by solving the three linear equations
of the three TOF resolutions between start and two test counters; o(Ts—T1), o(Ts-T3),
and o(Ty — T»). Here T; is the mean time of two PMTs for each counter. First pions
and protons are separated with the TOF spectra between P1 and P2 counters. And
we selected the events which had the correct pulse height on the start(S) counter by
putting a cut of one ¢ width on the ADC spectra around the centroid of each pion
or proton to reduce the error in the estimation of o(Ty) and o(T2). This cut didn’t
affect the values of o(T}) and o(T3) itself. Then we obtained the standard deviations
(o) of the three TOF distributions. Figure 3 shows the typical timing spectra of a Bl
type counter(15mm thickness) obtained with pions. Two test counters were identical
in specifications. Figure 3(a) shows a 2 dimensional scatter plot of geometrical mean
of pulse heights of one TEST counter versus TOF timing between two TEST counters.
The one-dimensional TOF distribution between two TEST counters is shown in Figure
3(c) with the standard deviation of 65 ps without the pulse height correction.

It is known that the timing from the leading edge discriminator has a dependence
on the pulse height of the signal according to the equation 7
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here #/ is the corrected time, t is the uncorrected time, « is the correction coefficient,

q is the height of the signal, and go is the reference pulse height. The correction was
done for each PMT of the TEST counters;

tl=t+a(

(tir —ts) =tiL —-ts+0u'L(\/3-ﬁ-— \/%) (2)
(tir — ts) = i — ts + @ir( :{R - \/%?_0) (3)
ii/—ts=((t,'L—ts)/-*-(tin—ts)/)/z,i =1,2 (4)

Figure 3(b),(d) show 2 dimensional scatter plot and 1-D TOF distribution after this
pulse height correction. The data points in Figure 3(d) are binned with 0.1 ch after
the correction to minimize the binning effect on the resoltion. After the correction we
obtained 40 ps of TOF resolution, which means 28 ps(!) timing resolution for each
counter. We also tried to correct t; — t, using geometrical mean of the signal height
and the results were consistent with those after correction on each PMTs within 3ps.

Since each counter has two PMTs in equal condition to collect photons with the
beam in the center of the counter, it is possible to estimate the number of photoelectrons
from the statistical fluctuations in the counting(§]. If R is the pulse height of one PMT
and L is that of the other PMT, then

_R-L 1

o = AN ®

Here N,.. is the sum of the number of photoelectrons in both of PMTs. The validity
of this equation is based on the fact that the relative gains in two PMTs are matched
and the average number of photoelectrons in two PMTs are equal. Practically there
are two more sources contributing to Osmessured- First the finite size of the beam
on the counter would increase Osmeasurea due to the difference in photon collection
efficiency(os,). If the beam size is b, and the attenuation length is A, then o5p = 7‘5%
In our test experiment b = lem , which is the size of start(S) counter. To estimate the
attenuation length,), and investigate timing resolution at different hit positions, we
moved one counter along the perpendicular direction to the beam by 2cm steps. AD
type counter of BC420 with 6 mm thickness was tested. In Figure 4, the pulse height of
a PMT signal has been plotted as a function of hit positions. The two fitted exponential
lines are for pions and protons. The extracted attenuation length was about 50cm for
both cases, which is about factor of 2 smaller than the bulk attenuation length of the
scintillator. Consequently o5, = 0.006, which is negligible for smaller(a few hundreds)
number of photoelectrons extracted. For 2000 photoelectrons, its contribution is about
8 %. Secondly the fluctuations in PMT muitiplication of single photoelectron and
electronics noise also should contribute to 05(0s.). Therefore,

5

2 _ 2 2 2
Os = O5measured — Us,b - aﬁ,e' (6)

For more than 100 photoelectrons o5, is negligible, so only o5, was considered in our
estimation. The extracted Np.. and its relation with timing resolution are described
in next subsections.

4 Results

The timing resolution of long scintillating counters were reported at the range of 100-
150 ps {9, 10]). The timing resolution of a long scintillating bar counter can be formu-

lated empirically {10] :
g=ayL/Nye. (N

Here L is the length of the bar, and N, is the average number of photoelectrons
collected. It is interesting to investigate the validity of this formula for small L or
large Np... since one naturally expect a limitation at certain values of L or Ny... For
short scintillating counter, the timing resolution may be limited by other factors such
as scintillator decay timing or PMT characteristics. Tt should be important to know
which factor is dominant for the timing resolution for small size scintillating counters
in order to optimize the resolution.



4.1 Scintillating material dependence

BC418 and BC420 were selected for the test because of their short rising time. There
was a report showing the effect of scintillation rising time on the timing resolution by
comparing BC-408 and BC-420 [10]. We compared only BC-418 and BC-420 to see
if there is any difference between two materials. The comparison was done for type
D counters(6mm) with fish-tail light guides. After the pulse height correction, the
timing resolutions of minimum ionizing particles (pion) were 59 ps and 55 ps for BC-
418 and BC-420 respectively. Therefore there was not noticeable difference between
two materials.

4.2 Wrapping and light guide dependence

We also examined if the timing resolution depends on the wrapping materials due to
the difference in the light collection efficiency. The three materials we tested were
aluminum foil, aluminized mylar and black paper with same fish-tail light guides for
type D counters. Aluminum foil and aluminized mylar were wrapped both on the
scintillators and light guides, and black paper was wrapped only on the scintillator(light
guide was wrapped with aluminum foil). Figure 5 shows the timing resolution of each
counter as a function of N,. extracted as described in section 3. The left 4 points
are with pions and right 4 points are with protons. Even though there were noticeable
differences in the pulse heights(black paper wrapping had 20 % smaller signal than
aluminized-mylar wrapping), the timing resolutions were basically the same among
the three cases. The filled square data point was for twisted light guide, which has
largest number of photoelectrons collected. However there was no gain in the timing
resolution. Conclusively, when the cross sections of scintillator and PMT window are
fixed for small size scintillator, wrapping methods and light guide shapes didn’t alter
the timing resolution significantly.

4.3 Discriminator threshold level dependence

The TOF resolution of scintillation counter may depend on the ratio between the
discriminator threshold level and signal height. Figure 6 shows our test result on the
timing resolution dependence on this variable. Only pions are selected, and the PMTs
were R2083 tubes. The open(filled) circles are the resolutions without(with) pulse
height correction. It shows that the timing resolution gets worse as the threshold level
gets higher without pulse height correction. After the pulse height correction, the
dependence disappeared if the -'-’“’—"bf“ is larger than 0.1. This is consistent with the
behavior of the slewing correction coefficient, i.e., the slopes of the equation (1) is larger
for the larger —m::-"mmlatxo, which is expected if one considers the shape of signal. This
result indicates one can use rather lower high voltage safely when the anode current of
a PMT is high due to high count rate.

4.4 Position dependence

Figure 7 shows the TOF resolutions as a function of hit position along the length(16cm)
of the scintillator(D type). The open circle data are the resolutions of each PMT, and
the filled circle data are those of mean timing of two PMTs after ADC correction.
The individual PMT resolution gets worse as the distance between the PMT and hit
position gets larger due to the smaller number of photoelectrons collected, but the
mean timing resolutions are constant over the full length within 3 ps.

4.5 Number of photoelectrons dependence

In Figure 8, we plotted the timing resolutions of each counter as a function of , /—Z for
both pions and protons. Here L is the distance between hit position and PMT wmdow
basically length of scintillator and light guide, in units of cm. The resolutions measured
with D type counters(4mm and 6mm, filled circles), B2 type counter(open circle), and
one Bl type counter(filled square) are plotted. The light collection efficiency in the
scintillator and light guide of D type counter is relatively low(about 10% estimated with
Monte Carlo simulation program [12]) compared with the efficiency of Bl type counter
(about 23%), which is fair agreement with the extracted number of photoelectrons.
The solid line in the figure is a fit with a function of

L
+b (8)
Arp.e.

og=a

The 'b’ parameter of the fit was 10 ps, and 'a’ value was 310. The fit indicates the
empirical formula (7) is a fairly good approximation of tlmmg resolution for the small
size scintillators. Since the ’average length’ of our counter is about 10cm, we can say
that o of one photoelectron is about 1ns. This value is in between the rise time and
decay time of the scintillators we tested, and similar to the rise time of PMTs we
tested(0.7ns for R2083 and 1.3ns for R3478). However it should be pointed out that
the length parameter L is not a well defined parameter since it is the sum of scintillator
and light guide for small size counters. therefore further detailed study may be needed
for more quantitative arguments.

5 Rate dependence test

We tested the performance of our TOF counter in the high beam intensity, since the
time 0’ counter for lifetime should be located in the high intensity beam with about
5 x 10% pions per second in our experiment. It is well known that PMT has non-linearity
when the anode current becomes comparable to the bleeder current mainly due to the
change in the voltage division ratio. The non-linearity in the gain can be overcome
by supplying additional voltages through the last 3-4 dynode chains(booster voltage)
[6). More important and not well studied point is its timing behavior at high anode
current. To test this, we located the counters with a similar setup shown in Figure 1
in the K5 beam line at KEK. Here we present the TOF results from only pions. We



tested two counters, Bl type(12 mm thickness, R2083) and B2 type(12 mm thickness,
R3478) to compare different types of PMTs. For both PMTs we supplied additional
voltages to last 3 dynode chains at the voltages measured without beam The beam
rate was estimated by the scaler counts of mean timer outputs of each test counter.
Since the beam size was small enough to be inside of the test counter, the beam rates
of two test counters were consistent within 10 %. We used CAEN HV power supplier
for both main HV and bleeder chains. The maximum currents of this module was set
at 3mA for each channel, and automatic recovering mode was used if it trips due to
instant large current over the limit.

Figure 9 shows the pulse height variation as a function of pion rates. The open
circles are the data without supplving booster voltage and the filled circles are with
booster voltage supplied for R3478 PMT. As shown in the figure, the gain of R3478
PMT drops by about 30 % at 6 M/sec, while the booster voltage sustain the gain
upto 5 M/sec with slight increase. In Figures 10 (a)(b), the timing resolution of each
counter are shown as a function of pion rates for both R3478(a) and R2083 PMTs. For
R3478 PMT the timing resolution gets much worse withoug hooster voltages applied,
more than 100 ps at the rate of 5 M pions/sec. The resolution with booster voltage
applied was improved to be around 80 ps at the same rate. Similar deterioration of
timing resolution is also observed in the case of R2083 PMT reaching around 60 ps at
5 M pions/sec as shown in the figure. On average, timing resolution gets worse upto
factor of 2 for both PMTs even booster voltages applied.

Figure 11 shows ADC spectra of pions at low rate(3 x 10* per second, hatched
sectrum) (dotted line) and that at high rate(5x® per second) obtained with R3478
PMT. The width of the ADC spectrum at high rate is much broader than the one at
low rate. Also the broadness directs towards larger ADC values, indicating signal pile-
up. In figure 12, the correlation between timing resolution(x-axis) and ADC spectra
width(y-axis) is shown. Again we can see the strong correlation between two values
indicating that the two effects dependent on the rate are due to the same origin.
It should be noted that we already excluded the events having explicitly two beam
particles in the same potential beam microstructure from the ADC spectra for the
data in figures 11 and 12. One possibility responsible for the deterioration in timing
resolution is the pile-up between signals at high rate. Since the detail form of beam
microstructure was not measured, it's difficult to estimate the quantitative effect of
the pile-up on the timing resolution. At high rate, the PMT itself can be unstable,
which could also contribute to the deterioration of timing resolution. It should be
interesting to compare the effects with transistor based active base commonly used for
gain stabilization.

6 Conclusion

We obtained very good timing resolutions with fast timing PMTs coupled to small size
scintillator which can be used to measure the lifetime of hypernuclei larger than 100 ps.
The timing resolutions of B1 type counter(4x6x1 Sem®) and D type counter(4x16x0.6ecm?)
with minimum ionizing particle were 29 ps and 59 ps respectively. For protons expected

from the hypernuclei non-mesonic decay, D type counter(6mm) had 36 ps resolution.
Therefore the TOF resolution is expected to be 46 and 66 ps for protons and pions
respectively. The timing resolution of each counter was not noticiably sensitive to the
type of scintillator material, the method of wrapping, discriminator type and threshold
level, and HV in the range we tested. The observed resolutions can be understood with
the dependence on \/N—-ZE‘ even for small size scintillators. At high rate, we observed
the deterioration in the timing resolution by about factor of 2 for both PMT types.
This effect has strong correlation with the broadening of pulse height width.
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Table 1: Specifications of the counters tested

Type | Size PMT [ Scintillator | Thickness | Light Guide | oy(%)
Bl 4x6 cm?® | R2083 | BC418 0.8 cm Disk 1.5cm | 31 ps
1.2 Disk 1.5cm 29
1.5 Disk 1.5cm 28
B2 4x6 R3478 | BC4138 1.2 Fish-tail 5cm | 41
D 4x16 R3478 | BC418 0.4 Fish-tail 5cm | 76
BC420 0.6 Fish-tail 5em | 59
BC118 0.6 Fish-tail 5cm | 55
Twisted 6cm | 57

Table 2: Specifications of the PMTs tested

R2083 R3478

photocathode size (D. mm) | 46 15

rise time {(ns) 0.7 1.3
transit time {ns) 16 14

TTS FWHM (ps) 370 360

gain 2.5 x 108 [ 1.7 x 10°
operational voltage(V) 3000 1700

No. of stages 8 8

Figure Captions

Figure 1 :

Figure 2 :

Figure 3 :

Figure 4 :

Experimental setup for beam tests at T1 beam line of
KEK 12 GeV proton synchrotron.

Details of counters tested. Thickness of each counters
are listed in table 1. R2083 tubes were in hybrid type
(H2431)

(a) and (b) are the scatter plot of ADC versus TOF with-
out and with the pulse height correction respectively. (c)
and (d) are 1 dimensional plots of TOF showing the TOF
resolutions in both cases.

Attenuation length of a D type counter. The pulse
heights of a PMT signal has been fitted exponentially
as a function of hit positions. A is about 50cm




Figure 5 :

Figure 6 :

Figure 7 :

Figure 8 :

Figure 9 :

Figure 10 :

Figure 11

Figure 12 :

Timing resolution as a function of Np.. The left 4 points
are for pions and right 4 points for protons. TW means
twisted light guide

The TOF resolution dependence on the discriminator
threshold level for pions with Bl type counter(15mm
thickness)

The TOF resolutions as a function of hit position along
the length(16cm) of the scintillator. The data points are
explained in the text.

The TOF resolution as a function of I:,\(,:':) Data from

both pions and protons are plotted. The solid line in the
figure is a fit with a function of ¢ = a,/r—z‘fb. a=310,
b=11 ps)

Pulse height(ADC value) versus beam rate, with(filled
circles) and without(open circles) booster voltages ap-

plied.

The TOF resolutions versus beam rate, with(filled cir-
cles) and without(open circles) booster voltages applied.

: ADC spectra at low and high beam rate

ADC width versus TOF timing resolution at the various
beam rates as in Figure 10.
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