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Timing Performance Study of New Fast PMTs
With LYSO for Time-of-Flight PET

Mikiko Ito, Jin Pyo Lee, and Jae Sung Lee

Abstract—Most efforts at developing time-of-flight (TOF)
positron emission tomography (PET) instruments have focused
on improving their time resolution, which is affected by many
factors. The aim of this study was to evaluate the performance of
two new fast photomultiplier tubes (PMT) (Hamamatsu R9800
and R11194) for use as a TOF-PET detector, and to investigate the
correlation of time resolution with time discrimination methods,
the properties of the PMTs, the locations of the scintillation
crystal on the PMT, and the size of the scintillation crystal. The
PMTs evaluated in this study have fast rise time and short time
jitter. The performance evaluation of the PMTs was conducted
using a LYSO scintillation crystal. A source was placed
between the testing detector and a reference detector (with a
time resolution of 200 ps), and data were acquired by using the
coincidence trigger of the two detectors. To determine the optimal
time discrimination method, time resolutions were obtained using
a leading-edge discriminator (LED) with various thresholds and a
constant-fraction discriminator (CFD) with various CFD delays.
The effects on time resolution of PMT properties, the crystal
position on the PMT, and the size of the crystal were observed.
Based on the comparison of time resolutions obtained by various
time discrimination setups, the optimal setup was determined to
be CFD with 1.0 ns CFD delay. When these PMTs were coupled
with LYSO crystal and CFD with
1.0 ns delay was used for time discrimination, the average time
resolution (FWHM) for 7 R9800 was 200.5 ps and for 7 R11194
was 227.8 ps. The average energy resolutions were 11.1% and
11.8%, respectively. Time resolutions at the edge of the PMT
were degraded due to light collection loss and worse transit time
jitter. Time resolutions were inversely proportional to the square
root of the numbers of photoelectrons per pulse. The numbers of
photoelectrons increased proportionately with the blue sensitivity
of individual PMTs. Time resolutions have a distinct dependence
as a function of the length and cross-section of the crystal. The new
fast PMT coupled with LYSO crystals allow for the improvement
of timing performance in TOF-PET detectors. The results of this
study will be of value as a guideline for optimizing the TOF-PET
detector design using the fast PMTs.

Index Terms—Fast PMT, Hamamatsu R11194, Hamamatsu
R9800, LYSO, time of flight (TOF), time resolution.

I. INTRODUCTION

R ECENTLY there has been a growing interest in the
time-of-flight (TOF) positron emission tomography

(PET) scanner, because the incorporation of the TOF technique
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into PET (current time resolution of ) has demon-
strated a significant improvement in image quality [1], [2]. The
TOF information, which is the difference in the arrival times of
the two annihilation gamma-rays, provides localization of the
annihilation position on the line-of-response (LOR) [3]–[5].
This allows the use of a segment-of-response (SOR) instead
of LOR in image reconstruction, and reduces the propagation
of noise along the LOR in the reconstructed images. The re-
duction of noise can be equated with an increase in sensitivity
[6]. Furthermore, the additional TOF information enables PET
images to achieve high signal-to-noise ratio (SNR) and high
contrast, or short scan times [1], [4], [7].
It can be theoretically calculated that the gain of the improve-

ment by using TOF information is proportional to in sen-
sitivity and in SNR [6], [8], [9]; where D is the diam-
eter of the patient, is the position uncertainty of the SOR

, c is the speed of light, and is the time
resolution (FWHM). In addition, real clinical cases show that
the gains with TOF are higher for larger patients. Therefore, the
major effort in developing TOF-PET scanners has focused on
improving their time resolution to increase the gains with TOF
[10].
To enhance the time resolution at the PET detector level, it is

important to utilize fast PMTswith fast scintillation crystals. For
this reason, many studies have been conducted using PMTs that
have fast rise times and short time jitters, coupled with LaBr3
or LSO scintillation crystals that have short decay times of the
light pulse and high light yields [11]–[15].
In this study, we evaluated the performance of two new fast

PMTs (Hamamatsu R9800 and R11194) with a LYSO scin-
tillation crystal; it was reported that LYSO possesses similar
scintillation properties and is a good alternative to LSO crystal
[16]–[20]. The aim of this study was to evaluate the properties
of the two fast PMTs with a LYSO crystal for TOF-PET de-
tector. In addition, we investigated the dependencies of time
resolution as a function of time discrimination setup, PMT
properties, and scintillation crystal size. Understanding these
relationships will help the decision to design TOF PET detec-
tors in consideration of the trade-off between time resolution
and other performance characteristics of a PET detector.

II. MATERIALS AND METHODS

A. Scintillation Detector

The Hamamatsu R9800 and R11194 PMTs are equipped with
7–8 dynodes, which is less than in general PMTs (10–12 dyn-
odes), to reduce transit time and the transit time variation [21].
The dynodes have a linear focusing structure to decrease the
difference in the path lengths for individual electrons through
the PMT that cause transit time variation [21]. The R9800 PMT
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TABLE I
THE MAIN PROPERTIES OF THE TYPICAL HAMAMATSU R9800

AND R11194 PMTS

in a cylindrical configuration has a diameter of 25 mm (1 inch)
and the R11194 has a diameter of 38 mm (1.5 inches). The main
properties of the PMTs are presented in Table I.
We initially conducted the performance evaluations of the

fast PMTs using a LYSO crystal with a crystal size of
. We also investigated the effects of crystal size

on detector performance as described later in Section II-E. All
surfaces of the crystal were mechanically polished. The five sur-
faces except the one connecting to the PMT window were cov-
ered by two layers of ESR reflector that has 98% reflectivity and
0.065 mm thickness [22]. The crystal was optically coupled to
the center of the fast PMTs with optical grease. The PMTs were
operated at and the output pulses of 511 keV level
with 50 Ohm termination had approximately 350–400 mV am-
plitudes.

B. Scintillation Properties

For themeasurement of the scintillation properties in the scin-
tillation detector, the LYSO crystal was irradiated by using a

gamma source with 1.0 MBq activity. The PMT output
pulses were connected to a digital phosphor oscilloscope (Tek-
tronix MSO4034) with a termination, and sampled with
2.5 GS/s (350 MHz bandwidth, 1 ns rise time). Fig. 1 shows the
average pulse shape of 1000 output signals for the R9800 and
R11194 PMTs. The rise time was calculated from the time dif-
ference between 10% and 90% of the maximum amplitude. The
decay time was obtained by the exponential fitting of the output
decay pulse between 90% and 10% of the maximum amplitude.

C. Data Acquisition Setup

Data were acquired by using the coincidence trigger of two
fast-PMT-based scintillation detectors (the testing detector and
a reference detector) [23]. The reference detector also consists
of the Hamamatsu R9800 PMT with a LYSO crystal

. Its time resolution (FWHM) was calculated
to be 199.9 ps for the 511 keV energy peak. The calculation and
result are described in more detail later.

Fig. 1. Average output pulse shapes of the R9800 and P11194 PMTs with a
LYSO crystal coupled at the center of PMT.

Fig. 2. Block diagram showing the experimental setup to acquire coincidence
data.

Since timing performance is influenced by the timing dis-
crimination setup, finding the optimal setup is important to
obtain the best timing performance. To determine the optimal
setup, time resolutions were measured by using various timing
discrimination setups: a leading-edge discriminator (LED:
CAEN N840) with various threshold voltages and a con-
stant-fraction discriminator (CFD: ORTEC 935) with various
CFD delay times.
As illustrated in Fig. 2, PMT anode signals were connected

to the time discriminators (LED or CFD). Using the output sig-
nals (width of 20 ns) from the LED or CFD, the coincidence
trigger signals were generated by a logic unit with AND mode
(CAEN N455). The trigger signals were used for GATE sig-
nals of an analog-to-digital converter (ADC: CAEN V965) with
a common start mode and a time-to-digital converter (TDC:
CAEN V775N) with a common stop mode [24]. The width of
the trigger signals (corresponding to the ADC integrating time)
was adjusted to 200 ns in a GATE generator (CAEN N938).
By comparing the results, we determined the optimal time

discrimination setup to provide the best time resolution. All per-
formances of the fast PMTs were measured using the optimal
setup.
Energy resolutions were calculated by the ratio of FWHM to

mean value of the peaks corresponding to 511 keV photo-elec-
tron interactions in the energy distribution. Coincidence time
resolutions were obtained by FWHM of the peaks in the time
difference distribution for coincidence events of 450–570 keV
in the energy distribution.
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TABLE II
COINCIDENCE TIME RESOLUTION (FWHM) OF THE FAST PMTS WITH A LYSO
CRYSTAL LOCATED AT THE CENTER OF THE PMT. DATA WERE MEASURED BY

USING A CFD WITH A 1.0 NS CFD DELAY

D. Time Resolution of the Reference Detector

Coincidence time resolution involves both the
time uncertainties ( and ) of the two PMTs
( and used for the coincidence measurements, as
indicated in (1).

(1)

To estimate the time resolution (FWHM) of the reference
detector, four R9800 PMTs coupled with LYSO crystal were
used. The coincidence time resolutions of all pairs using the four
PMTs were measured by using the CFD with a 1 ns CFD delay,
as presented in Table II.

(2)

The individual time resolutions of the four PMTs were ob-
tained by solving the linear equations in (2). The time resolution

of the reference detector was estimated to be 199.9
ps.

E. The Correlation of Time Resolution With PMT Properties,
Crystal Positions on PMT, and Crystal Size

The performance of 14 PMTs (7 R9800-PMTs and 7 R11194-
PMTs) was measured with a LYSO crystal

optically coupled to the center of the PMTs by using
the optimal time discrimination setup. We investigated the cor-
relation of time resolution with PMT properties such as blue
sensitivity and gain.
The main properties of the individual PMTs are presented in

Table III; Hamamatsu Photonics provided the properties of the
individual PMTs, specifically, cathode sensitivity, anode sensi-
tivity, blue sensitivity index, and dark current. PMT gains were
calculated as the amplification ratio between cathode sensitivity
and anode sensitivity. This gain includes the collection effi-
ciency (ratio of collected number of photoelectrons by the first
dynode compared to the emitted photoelectrons from photo-
cathode, ) compared with the pure gain calculation using
a single photon pulse. The numbers of photoelectrons were es-
timated from the charge value of 511 keV photoelectric peaks
divided by the PMT gain.

To observe PMT performance dependence on crystal posi-
tions in the PMTwindow, a LYSO crystal was optically coupled
to five positions in the PMT window (the center and four edge
positions on PMT surface) as shown in Fig. 8. The energy peak
value, energy resolution, and time resolution were measured for
the five positions.
Additionally, the effect of crystal size on time resolution was

studied as a function of crystal cross-section (
and ) and length (10, 20, and 30 mm). We tested
10 crystals in each size to consider the variation of crystal per-
formance. In common with the above mentioned experimental
setup, all surfaces of the LYSO crystals were mechanically pol-
ished and the five surfaces were wrapped with two layers of
ESR reflector. The crystals were coupled to the center of the
fast PMTs with optical grease.

III. RESULTS

A. Output Signal Pulse Property

The output pulses in Fig. 1 were averaged over 1000 acquisi-
tions sampled by the oscilloscope. Based on the measurement of
the shapes of the average output pulses, the rise time and decay
time were estimated to be 2.92 ns and 41.9 ns for R9800, and
2.95 ns and 45.2 ns for R11194 PMT, respectively. These mea-
sured rise time would include the limitation of the scope band-
width, the variations in pulse shape, and different arrival times
of individual optical photons due to crystal geometry.

B. Time Resolution Dependence Against Time Discrimination
Setup

Since the timing performance of the detectors was influenced
by the time discrimination setup, finding the optimal setup was
required to obtain the best time resolution of the PMTs.
Figs. 3(a) and 3(b) show the time resolutions (FWHM) ob-

tained by using an LED with various thresholds (1, 3, 5, 10, 15,
and 20% of pulse peak voltages) and using a CFD with various
CFD delay times (0.0 to 3.5 ns at 0.5 ns intervals); the CFD delay
times were set by adjusting the length of the external cable. The
time resolutions (FWHM) were calibrated by the contribution
of the time uncertainty of the reference detector. Based on the
comparison of the results, the best time resolution was obtained
when we used the CFD with a 1.0 ns CFD delay. As a result,
the optimal time discrimination setup was determined to be the
CFD with a 1.0 ns delay.
The time difference distributions of R9800 and R11194

as shown in Figs. 4(a) and 4(b) and energy distributions in
Figs. 5(a) and 5(b) were measured in the optimal time dis-
crimination setup. The time resolutions of 194.9 ps for R9800
and 223.7 ps for R11194 were obtained with a LYSO crystal

. Energy resolutions at 511 keV were
11.4% and 12.1%, respectively.

C. PMT Property Dependence

There are variations in the properties of individual PMTs for 7
R9800 and 7 R11194 PMTs, as indicated in Table II. The tested
R9800 PMTs have a higher blue sensitivity than
the typical blue sensitivity in Table I. We studied the perfor-
mance dependence on the properties of individual PMTs. En-
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TABLE III
THE PROPERTIES OF THE INDIVIDUAL PMTS MEASURED WITH OVERALL SUPPLY VOLTAGE OF .

INFORMATION WAS PROVIDED BY THE MANUFACTURER (HAMAMATSU PHOTONICS)

Fig. 3. Time resolution dependence against the time discrimination setup in
electronics. (a) Single timing resolutions (FWHM) measured by using a LED
with various threshold voltages (1, 3, 5, 10, 15, 20% of pulse amplitudes) and
(b) Using a CFD with various CFD delay times (0–3.5 ns at 0.5 ns intervals).

ergy and time distributions of each PMT were measured by
using a LYSO crystal coupled at
the center of the PMT.
The average time resolution (FWHM) for 7 R9800 PMTs was

200.5 ps and for 7 R11194 PMTs was 227.8 ps. The average
energy resolutions were 11.1% and 11.8%, respectively.
Fig. 6(a) shows the correlation between blue sensitivity and

the number of photoelectrons calculated from the charge value
of the energy peak calibrated by the gain. Fig. 6(b) is indicative
of the (the number of photoelectrons ) dependence
on time resolution. The time resolutions in Fig. 6(b) were in-
versely proportional to the square root of per pulse. The
numbers of photoelectrons increased proportionately with the
blue sensitivity of the individual PMTs, as shown in Fig. 6(a).
These results indicated that the timing performance of the PMTs
correlates with the blue sensitivity of the PMTs.
To observe the time resolution dependence on the gain of the

PMT, the energy peak values and time resolutions in Fig. 7 were
measured with various supply voltages .
PMT gain increased constantly with the supply voltage, while
the time resolutions showed no significant change against the
supply voltages.

D. Crystal Position Dependence

Measurements of PMT output pulse, energy resolution, and
time resolution (FWHM) were conducted for the five crystal
positions over the PMT entrance window as illustrated in Fig. 8.
Table IV summarizes the PMT output pulse, energy resolution,
and time resolution for the five crystal positions of the PMTs;
the output pulse (%) was normalized by the output pulse at the
center of the PMT.
At the corner of the PMT, output pulse decreased by light col-

lection loss due to the location dependence of blue sensitivity
and photoelectron collection efficiency to the first dynode. The
central region of the PMTs had the highest response, and pro-
vided the best timing performance.

E. Crystal Size Dependence

To investigate the effect of crystal size on timing perfor-
mance, we measured PMT performance using various sizes of
LYSO crystals as shown in Fig. 9: six pairs of two cross-section
sizes and and three crystal
lengths (10, 20, and 30 mm).
Figs. 10(a) and 10(b) show PMT output, which is propor-

tional to the light pulse, and timing measurements as a function
of crystal length and cross-section, respectively. In Fig. 10, the
data points indicate the average value of the performances over
ten LYSO crystals in each size shown in Fig. 9, and the error
bars indicate the standard deviation of the data.
The result in Fig. 10(a) shows that light pulse decreased with

increasing crystal length and decreasing cross-section because
of the increased scatter and absorption of optical photons on
the surface of reflector and increased self-absorption of pho-
tons within the crystal. In Fig. 10(b), the timing performance
degraded due to the decreased light pulse, as mentioned in Sec-
tion III-C. Especially for long crystals, additional time degrada-
tion was caused by different DOI positions and different optical
transit time of scattered optical photons [25].
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Fig. 4. Timing performance measured by fast PMTs with a LYSO crystal in the optimal time discrimination setup. Coincidence time difference
distributions were obtained by using (a) R9800 and (b) R11194 PMTs.

Fig. 5. Energy performance measured by fast PMTs with a LYSO crystal in the optimal time discrimination setup. Energy distributions were
obtained by using (a) R9800 and (b) R11194 PMTs.

Fig. 6. The effect of the number of photoelectrons, and the blue sensitivity of individual PMTs on the time resolution (a) The number of photoelectrons emitted
from the photocathode in the PMT against the blue sensitivity of the individual PMTs and (b) The correlation of time resolution with the number of photoelectrons.

IV. DISCUSSION

It is well recognized that the timing performance of PET de-
tectors is affected by several factors. Therefore, the factors in-
fluencing time resolution have been studied by Monte Carlo
simulations and experiments for an optimization of all factors
in TOF-PET detectors [26]–[28]. In this study, we also investi-
gated the effect of time discrimination setup, PMT properties,
and scintillation crystal size on the time resolution of the new
fast PMTs with a LYSO crystal.
Although we determined the optimal time discrimination

setup to obtain the best timing performance by adjusting the

parameters of LED and CFD, the theoretical estimation of op-
timal setup has been also suggested. The time resolution using
LED can be calculated by Hyman theory [29]. In the theory,
the time resolution is estimated as a function of the number of
photoelectrons, the decay constant of the light pulse, the time
jitter of the PMT and its response for the single photoelectron.
Then 1% threshold was suggested to be used for a fast PMT,
and for general PMTs [30]. In our experimental setup,
however, the time resolutions obtained with 1% threshold were
degraded due to higher signal noise level than the threshold
level.
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Fig. 7. Time resolution dependence on the gain of the PMT. Energy peak value
(red circle point) and time resolution (blue square point) against the supply
voltage.

Fig. 8. The five positions of the LYSO crystal on the PMT
entrance window for the measurement of the performance dependence on the
crystal location; the center and four corner positions of the PMT window.

For CFD, it has been suggested that CFD delay time should
be equal or less than the rise time of the pulse. An appropriate
delay time is suggested as follows [31]:

where, the CFD fraction of our setup was 20%. The rise times
measured by oscilloscope were about 2.9 ns for R9800 and
R11194 PMTs. However, the output pulse in oscilloscope
would include the several limitation factors mentioned in
Section III-A. The actual rise time of PMT output pulse would
be because LYSO has intrinsic rise time of
and PMT rise time is 1.0 ns for R9800 and 1.2 ns for R11194.
Therefore, the appropriate delay time calculated from above
equation is approximately in a good agreement with the optimal
CFD delay time of 1.0 ns obtained experimentally.
The results in Fig. 6(b) showed that the number of photo-

electrons created at the photocathode of the PMT is a signif-
icant factor for timing performance, because the resolution is

TABLE IV
PERFORMANCE DEPENDENCE ON THE LOCATION OF THE

LYSO CRYSTAL ON THE PMT WINDOW

Fig. 9. Various sizes of LYSO crystals used in this study, all surfaces of which
were mechanically polished.

Fig. 10. (a) Light output and (b) Time resolution as a function of the crystal
length and cross-section.

inversely proportional to the square root of the number of pho-
toelectrons per pulse. This result is in good agreement with those
of other investigations [12], [26], [30], [32]–[34]. The number
of photoelectrons correlates with the blue sensitivity of the PMT
(Fig. 6(a)), such that the blue sensitivity is the most important
property of a PMT for the design of TOF-PET detectors.
Transit time jitter is also an important factor influencing the

time resolution. Transit time jitter dependence of the timing per-
formance has been investigated using various kinds of PMTs
[35]. The results showed that time resolutions normalized to the
number of photoelectrons were constantly degraded with the in-
crease of time jitter. Although we have not measured the posi-
tion dependency of transit time jitter of PMT, the worse timing
resolution on the edge of PMT window than center would be
also attributed to the worse transit time jitter at the periphery of
PMT.
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It is also well-known that timing performance is influenced by
the scintillation crystal geometry that determines the pathway
of light transport in the crystal and the arrival time dispersion of
individual scintillation photons on the PMT surface [25], [36].
Moses and Derenzo reported that coincidence time resolution
was degraded as the length of crystals increased, from 300 ps
for two LSO crystals to 475 ps for two

LSO coupled to a Hamamatsu R-5320
PMT [13].
As shown in Fig. 10, time resolution had a strong depen-

dence on the crystal length and cross-section. The photoelectric
peaks of 511 keV gamma rays in the energy distribution were
decreased with increasing crystal length and with decreasing
crystal cross-section, as shown in Fig. 10(a). It appears that
light attenuation and collection loss were caused by multiple
reflections. The degradation of timing performance indicated in
Fig. 10(b) could be caused by a difference in the transport time
between events with different depths of interaction (DOI) and
time dispersion due to multiple reflection, besides the decrease
in light output [13], [37].
The interaction of the factors influencing the time resolution

is estimated to be summed in quadrature by assuming that most
of these effects are independent [38].

V. CONCLUSION

In this study, a performance evaluation was conducted of two
new fast PMTs, the Hamamatsu R9800 and R11194, coupled
with a LYSO crystal. The results of this study demonstrated that
excellent energy and time resolution performance could be ob-
tained: when these PMTs were coupled with

LYSO crystal and CFD with 1.0 ns delay was used for
time discrimination, the average time resolution (FWHM) for
R9800 was 200.5 ps and for R11194 was 227.8 ps. The av-
erage energy resolutions were 11.1% and 11.8%, respectively.
We conclude that these fast PMTs with LYSO allows for the im-
provement of timing performance in TOF-PET detectors.
Additionally, we investigated the effects of time discrimina-

tion setup, PMT properties, crystal positions, and crystal size on
timing performance. The results of this study will be useful for
guiding the optimization of the TOF-PET detector design using
the fast PMTs and LYSO scintillation crystals.
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