Lawrence Berkeley National Laboratory
Recent Work

Title
RECENT ADVANCES IN HIGH-SPEED PHOTON DETECTORS

Permalink
https://escholarship.org/uc/item/1301156\

Author
Leskovar, B.

Publication Date
1983-05-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1301156v
https://escholarship.org
http://www.cdlib.org/

LBL-15381
e

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

RECEiGER
. o . . R LAWRENCE

B Engineering & Technical = serom
‘@ Services Division - ikt

DOCUMENTS SECTION
To be presented at Laser 83 Opto—-Elektronik - 6th

International Congress and Trade Fair, Munchen,
West Germany, June 27-July 1, 1983

RECENT ADVANCES IN HIGH-SPEED PHOTON DETECTORS

B. Leskovar -

= -OPY
May 1983 TWO-WEEK LOAN COP

This is a Library Circulating Copy \‘
which may be borrowed for two weeks. |
\

For a personal retention copy, call
- o Tech. Info. Division, Ext. 6782.

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 Y



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

ez




' LBL-15381
Presented at the 6th International Congress
Laser 83-Opto-Electronics, Munich, West Germany
June 27-dJuly 1, 1983 '

<4 _ :
' RECENT ADVANCES IN HIGH-SPEED PHOTON DETECTORS

Branko Leskovar

December 9, 1982

Prepared for the U. S. Depértment of Energy
Under Contract DE-AC03-76SF00098



4

1

RECENT ADVANCES IN HIGH-SPEED PHOTON DETECTORS- ’ LBL-15381

BRANKO LESKOVAR

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720, USA

Recent progress of some fast high-gain photon detectors using photoemission and sec-
ondary emission processes is reviewed and summarized. Specifically, performance cha-
racteristics are presented, of the new Amperex XP 2020, RCA 8854, and Hamamatsu
R 647-01 conventionally -design photomultipliers. Also, characteristics are presented
of the ITT F 4129 and Hamamatsu R 1564U extended 1ifetime microchannel plate photomul-
tipliers as well as certain special made photomultipliers intended for application in
positron emission tomography, high energy physics and plasma diagnostic experimental
systems. Finally, microchannel plates as photon detectors for ultra violet and x-ray
wavelengths are discussed.

Introduction

Fast high-gain standard and microchannel plate photomultipliers, are among the fast-
est and most sensitive devices for detecting the incidence of photons on a target sur-
face. These devices have gained wide acceptance in research instrumentation, particu-
larly in radiation detection (1), atomic and molecular subnanosecond flourescence de-
cay studies, (2), optical ranging experiments (3), optical communication systems (4),
and plasma d1agnost1c5 (5). The detection of signals in practical systems in these
areas, requires photon detectors with high quantum efficiency, high gain, fast time
response and high data-rate capabilities.  They should also have good output pulse-
height and time resolution. 1In many cases large sensitive areas are required. Also,
position-sensitive detection or imaging of incident radiation patterns is sometimes
necessary. In practically all these applications a minimum amount of noise or spur-
jous signal should be present in the detector output.

For more than fifty years research applications have used the phenomenon of photo-
emission to convert absorbed incident radiation into an electron stream which is then
amplified by a secondary emission system. The detection process begins with a cathode
from which the incident radiation exites the emission of photoelectrons. The emitted
electrons are directed to a surface which has been treated to have high secondary elec-
tron emission. The secondary electrons produced by this first dynode are then directed
to another secondary emitter. The process is repeated for as many times as are re-
quired to amplify the initial electron stream by the desired amount, after which it
is collected by an anode. Finally, the output current from the electron multiplier
feeds external circuitry to provide the output signal. Statistical variations inhe-
rent in the excitation of photoelectrons by the incident photons and the statistical
nature of the secondary emission process cause the output signal to vary from one
pulse to the next, even with a constant number of incident photons. The resulting
distribution. in output pulse-height 1imits both the pulse-height and time reso]ut1on
of the detector.

Previous studies have shown that photomultipliers with dynodes having cesium-activated
gallium phosphide secondary emitting surfaces exhibit better pulse-height and time
resolution capab1]1t1es than photomultipliers employing conventionally activated dy-
nodes (6-7). Also in previous papers it has been shown that microchannel plate high-
gain photomultipliers exhibit significantly better. time resolution than conventional
electrostatically focused photomultipliers (8-13).

Furthermore, it has’recently been shown that new high-gain photon detectors employing
mjcrochanne] plates in cascade for electron multiplication will, under optimized opera-
ting conditions, exhibit the highest pulse-height resolution ever obtained (14).
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Based on the above mentioned work, further effort has been made to investigate and
review the time and pulse-height resolution of some new generation commercially avail-
able photomultipliers.

The measurements of the characteristics of these photomultipliers were made with a
measuring system which has previously been described in Reference 16. The system has
a time resolution of approximately 25 ps, FWHM.

Specifically, performance characteristics have been studied of the new Amperex
XP 2020, RCA 8854 and Hamamatsu R 647-01 photomultipliers which use conventional mul-
tiplier structures. Furthermore, the characteristics have been investigated of a new
generation of ITT F 4129 and Hamamatsu R 1564U extended 1ife microchannel plate photo-
multipliers. Finally, characteristics have been reviewed of special made photomulti-
pliers to be used in positron emission tomography, high energy physics and plasma
diagnostics experimental systems.

The electrostatically focused Amperex XP 2020 photomultiplier uses a 12 stage discrete
dynode structure with a semi-transparent bialkali (S24) photocathode having a useful
diameter of 45 mm. [Its peak spectral response is at 400 nm with a quantum efficiency
of 26%. The photomultiplier has copper berillium dynodes instead of AgMgOCg dynodes
which were used previously in a similar device. The tube design is optimized to have
a small single electron time spread and for high repetition rates in counting
operations.

The RCA 8854 photomultiplier is a variant of the RCA 4522. It has a high gain GaP
(Cs) first dynode followed by thirteen BeQ dynodes. The new RCA designation for the
photocathode is 35 ET (formerly 118), which has a peak response at 400 nm and a quan-
tum efficiency of 27%. 1It's spectral response extends from 200 nm to 600 nm. The
maximum useful photocathode diameter is 114 mm. ,This photomultiplier is designed for
experimental research instrumentation where good pulse-height resolution and large
photocathode areas are important.

The Hamamatsu R 647-01 is a 13 mm-diameter, 10 stage, head on, flat face plate type
photomultiplier with a bialkali photocathode having an S-11 response. The photocathode
has its peak response at 420 nm and a useful diameter of 9 mm. Because of its small
size, the photomultiplier is particularly suitable for high spatial resolution positron
emission tomography, and also for high energy physics and nuclear chemistry experimen-
tal systems. The electron multiplier utilizes a box type structure and grid dynodes.

The new ITT F 4129 photomultiplier has an S-20 photocathode with a maximum usable
diameter of. 18 mm and three microchannel plates in cascade for the electron multipli-
cation. The plates are in a Z-configuration to reduce the positive jon feedback.

The three plates are identical, having 12 um diameter channels with length to diameter
ratios of 40. Proximity focusing is used for the input and collector stages. In

ITT F 4129f device a protective film is provided between the photocathode and the
microchannel piate which leads to a significant improvement in quantum efficiency,
stability and life expectency as well as in the total elimination of the afterpulses,

The Hamamatsu R 1564U photomultiplier has a bialkali photocathode with a usable di-
ameter of 18 mm, and two microchannel plates in cascade for electron multiplication.
The anode is matched to a 50 Ohm connector. The entrance part of the first micro-
channel plate is covered with a thin aluminum film to prevent the bombardment of the
photocathode by positive ions. As in the ITT photomultiplier this results in a sig-
nificant increase in photocathode 1ife, and stability of quantum efficiency.

The 1ife of a microchannel plate photomultiplier without protective film is determined
by a decrease in the photocathode quantum efficiency because of photocathode positive
ion bombardment. The second determining factor is change in the channel wall secondary
emission coefficient due to electron scrubbing, especially in high gain region of a
channel. This is not effected by the protective film. The life of a device is defined
as a total charge density accumulated at the anode at which device losses 50% of its
overall responsitivity.

Results and Discussions

The results of the measurements of characteristics of the Amperex XP 2020, RCA 8854,
Hamamatsu R 647-01, R 1564U and ITT F 4129 photomultipliers are summarized in Table 1.
Also, some of the results are presented in Figs. 1-4.
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Witn full photocathode illumination, and with a light pulse produced by a 200 ps
electrical pulse, the rise time, impulse response (FWHM), and single photoelectron
time spread (FWHM), were 1.5 ns, 2.4 ns, and 0.51 ns, respectively for the XP 2020,
(16). Fiqure 1 shows two single photoelectron time spectra spaced 4 ns apart. Meas-
urement of the dark pulse spectrum showed that the photomultiuplier pulse-height
resolution is not good enough to show the one, two and three photoelectron peaks.
This is typical for all conventionally designed photomultipliers using the first dy-
node with low gain. The high frequency counting measurements show that the XP 2020
can be operated at a higher pulse repetition rate than 55 Mz (the voltage divider
must be capable of providing the current needed for its operation). Figure 2 shows,
the anode output pulses at repetition rate of 55 MHz. The upper trace is the anode
output pulse, the lower trace is the driving electrical pulse. The Tight source was
a light emitting diode, type XP 21, driven by pulses having a width of 3 ns and
approximately 10 V amplitude. The diode was operated in an avalanche mode.

AMPEREX XP2020

AMPEREX XP2020

0.4V /div

NUMBER OF COUNTS PER CHANNEL

2
°
~
>
CALIBRATION = 9.25ps PER CHANNEL o ’
SINGLE ELECTRON TIME SPREAD FWHM =510 :
' xss nos‘:: lons/d'v . X8B 806-6918
Fig. 1 Single photoelectron time spread Fig. 2 Anode output pulses (upper trace)
of the XP 2020 photomultiplier of XP 2020 photomultiplier using
with full photocathode illumination. input pulse repetition frequency

of 55 MHz with 2% duty cycle.

The rise time, impulse response, and single photoelectron time spread, for the large
photocathode area 8854 photomultiplier were 3.2 ns, 4 ns and 1.55 ns, respectively.
This device utilizes a negative-electron-affinity GaP(Cg) secondary emission sur-
face on the first dynode of the electron multiplier resulting in a high pulse-height
resolution (17). Figure 3 shows the photomultiplier pulse-height spectrum indicating
the peak to valley ratio of 1.9:1. With this high resolution of the single and multi-
photoelectron peaks an effective separation of spurious single photoelectron peaks
(thermionic electrons and others) and the desired multiphotoelectron peaks can be

. achieved. The 8854 has shown resolution of three distinct photoelectron peaks.

The rise time, impulse response, and single photoelectron time spread, for the very
small photocathode area R 647-01 photomultiplier were 2 ns, 3,5 ns, and 1.2 ns respec-
tively, (18). The device is particularly suitable for application in positron emis-
sion tomography systems where high spatial resolution is required. Also, the device
is well suited for some of the more recently developed systems where time-of-flight
information of the positron annihilation y-rays are used in combination with conven-
tional projection data to improve the signal-to-noise ratio for image reconstruction.

The F 4129 microchannel plate photomultiplier has a rise time, impulse response and
single photoelectron time spread of 0.35 ns, 0.52 ns, and 0.2 ns, respectively. The



device exhibits excellent timing capabilities and is very much less sensitive to
ambient magnetic fields than the best conventionally designed photomultipliers,
(7,20). This is mostly due to the small thickness of microchannel plates (approxi-
mately 2 mm), very strong applied electric field (5-10 kV/cm) and proximity focusing
used hetween the photocathode and microchannel plate. Measurements have also shown
that the photomultiplier operating characteristics can be optimized to yield a peak-
to-valley ratio of 2.47:1. Figure 4 shows a typical single photoelectron pulse
shape from the device. ~ -

ITT F 4129

_RCA 8854

BUG= 136.8 CNT= 7407
T 8] 7 15.6: 2048.8 INT= 3413287 6

SmV/div

NUMVBER OF COUNTS PER CHANNEL

0 _)e'q' ey " "gT= 445 CT= ;139. " —émts 460
1 23 , : .
PULSE HEIGHT PHOTOELECTRON EQUIVALENTS = = ;
¢ X88 811-364 - : ) 500ps/dlv ~ XBB 806-6921
- Fig. 3 Typical pulsé-height resolution Fig. 4 Typical single photbe]ectron

~of the 8854 photomultiplier. ~ pulses from the F 4129 operated
- : o ‘at Vv = 2400 V, using 200 ps
light impulse excitation.

The 1ife of the new generation F 4159f device with a 7 nm thick ion barrier filmis
significantly increased when compared with the 1ife of the F 4159, (19).

The rise time, impulse response, and single photoelectron time spread for R 1564U
microchannel plate photomultiplier were approximately 0.27 ns, 0.58 ns, and 0.09 ns,
~respectively, (21). o '

Because of a thin Al film (thickness of approximately 13 nm) which covers the front
surface of the first microchannel plate, the device has exhibited a significant in-
crease in life and stability of quantum efficiency of the -photocathode as compared
to devices without the Al film. Measurements showed that devices without the Al
film exhibit a half gain degradation after a total output charge of 10-3 ¢/cm?,
(22). The photomultiplier with Al film showed a constant gain up to an accumulated
output charge of 10-2 C/cm? which results from the gain degradation of the plate
itself. - ' ' ' .

In addition to the above mentioned commercially available photomultipliers, there
are a number of special made devices developed for particular applications. The
Hamamatsu R 1548 is a dual rectangular photomultiplier with a bialkali photocathode
having its maximum response at 420 nm, (23). Maximum useful area of the photocathode
is (10 mm x 20 mm) for each of the two channels. The anode pulse rise time and sin-
gle photoelectron time spread are approximately 1.8 ns and 1.0 ns, respectively. The
device has a gain of 2x106. It was developed for positron emission tomography.

The Hamamatsu R 1449 has 508 mm diameter quasi-hemispherical glass window _with bial-
kali photocathode having its peak response at 420 nm and has a gain of 107 at 2000 V

applied voltage. The anode pulse rise time, impulse response, and single photoelec-

tron time spread are 18 ns, 30 ns and 7 ns, respectively, (22). The photomultiplier
was developed for high energy physics experiments such as proton decay studies.
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Several developments in high-speed photon detectors have been made for plasma diag-.
nostic, (5), where excellent impulse response properties and high linearity of out-
put current are important. One of the latest of these is the ITT MCP-1 microchannel
plate photomultiplier, (24). The device consists of a semitransparent multialkali
photocathode, microchannel plate and tapered coaxial 50 Ohm anode. The anode is
mated to a special vacuum feedthrough made by EG&G. The device has an accelerating
screen between the microchannel plate and anode to improve the time response by iso-
lating the plate from the anode. If the screen is held at ground potential, the
anode signal does not start to rise until the electron burst passes the screen. The
gain of this multiplier is approximately 104. Its impulse response measured with
810 nm laser pulser is shown in Fig. 5. Output pulse rise time and impulse response
were 273 ps and 248 ps, respectively.

MCP-1

Fig. 5. Impulse response of MCP-1 micro-
channel plate photomultiplier operated
with accelerating voltage of 1 kV.

10mV/div

HEE

XBL 835-9502

500ps/div_

Microchannel plates can operate efficiently as photon detectors in the extreme

~ultra violet and x-ray wavelengths in windowless configuration. The quantum effici-

ency of the plate itself, in which the lead glass and electrode surfaces prepared by
the manufacturer act as photocathode, lies in a 1-10% range for most x-ray wave-
lengths as shown in Fig. 6. The standard means of enhancing these values is to de-
posit a material of relatively high photoelectric yield on the plate surface and
channel walls. Lithium fluoride, magnesium fluoride and cesium iodite have been
used for this purpose, (25). An increase of 65% in the quantum efficiency for

1.98 keV photons can be obtained using a Mg F» coated plate.

100.0p

. - A MCP WITH 40um DIAMETER CHANNELS. 7° INCIDENT ANGLE.
;\: C ® MCP WITH 14pum DIAMETER CHANNELS. 45° INCIDENT X-.RA,Y ANGLE.
- | O MCP WITH 200um DIAMETER CHANNELS. O0° INCIDENT ANGLE.
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Table 1. -Summary of Characteristics Measurements of Some New Generation
Conventionally Designed and Microchannel Plate Photomultipliers.
"Full Photocathode I1lumination.

f

RCA

Amperex Hamamatsu ITT Hamamatsu
XP 2020 8854 R 647-01 F 4129 R 1564U
DC Gain >3x107 3.5x108 >106 1.6x106 5x10°
Supply Voltage Between 2200 2500 1000 7 3400
Anode and Cathode (V)
Microchannel P1ate 2500
Voltage (V)
Rise Time (ns) 1.5 © 3.2 2- 0.35a 0.27
Electron Transit Time (ns) 28 70 31.5 2.5a | 0.58
Impulse Response, FWHM,(ns)| 2.4 4.0 3.5 0.523
Single Photoelectron Time | 0.51 1.55 1.2 <0.202 0.09
Spread, FWHM, (ns)
Multiphotoelectron Time 0.12b 0.40¢ 0.10d
Spread, FWHM, (ns)
Peak-to-Valley Ratio of 1.9:1 2.47:1¢€
Pulse-Height Spectrum
with Optimized Operating
Conditions
Dark Pulse Countf (cps) 450 155 54 1800
Quantum Efficiencyd % 26 27 28 20 15
Photocathode Diameter (mm) 44 114 9 18 18

0] a0 [ R Y]

Measured using 2500 photoelectrons per pulse.
Measured using 100 photoelectrons per pulse.
Measured using 800 photoelectrons per pulse.

Optimized operating condition for F 4129 was VM = 2710V.

photomultiplier gain was 6.6x10’.

16 photoelectrons

f Dark pulse summation is defined by: E

1/8 photoelectron

= counts per second.

These characteristics were measured for prototype packaged photomultipliers.

In this case the

9 Quantum efficiency values for proximity focused microchannel plate photomulti-

plier decrease significantly during operating time for devices without protec-

tive jon barrier film between the photocathode and the input of the microchannel-
Table shows quantum efficiency initial values.

plate.
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