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THE AFTERPULSE TIME SPECTRA OF HIGH-SPEED PHOTON DETECTORS

Branko Leskovar

Lawrence Berkeley Laboratory
University of California |
Berkeley, California 94720 U.S.A.

ABSTRACT

Recent progress of understanding of the afterpulse time spectra of high-speed
photon detectors using photoemission and secondary emission processes is reviewed
and summarized. Furthermore, the afterpulse time spectra of high-gain convention-

"ally designed and microchannel plate photon detectors has been investigated. Spe-

cifically, the devices studied included RCA 8850, RCA 8854 and ITT F 4129f photo-
multipliers. Descriptions are given of the measuring techniques.

INTRODUCTION

The afterpulise time spectrum of high speed photon detectors has been the sub-

ject of intensive experimental'and theoretical investigations. Over the years im-

provements in fabrication and activation techniques have significantly reduced af-
terpulses from most photomultipliers. However, for some applications afterpulses
still may introduce serious error. For example, in photon counting systems for
subnanosecond fluorescence 1ifetime measunr‘ements,l'3 photomultiplier afterpuises
can generate small amplitude late artifactual peaks: in the sample fluorescence pro-
file. Also, in particle physics measuring systems, which use large numbers of pho-

tomultipliers in a 3-dimensional array, a significant amount of afterpulsing could

- introduce serious error in measuring particle trajectories.4'6 Similarly, in plas-

7,8 afterpulses from fast photon detectors can seriously

ma diagnostic experiments,
distort observed pulse waveshape.

In general, the afterpulses are mostly produced as a result of the jonization
of Fesidua] gases, such as He+, H;, N; and C0+, in the volume between the photo-
cathode and the first dynode as well as between various dynodes of the electron
multiplier. A simplified component arrangement of a high—gain photomultiplier is
shown in Fig. 1. The positive ions formed are accelerated toward the photocathode
by the focusing electric field. On impact these ions liberate secondary electrons

which produce an afterpu]se signal. The number of these electrons depends upon the

“momentum and species of the ions and the photocathode composition. These afterpul-

ses generally occur from 20 ns to several microseconds after the main pulse. The
time of occurrence of the afterpulses can be closely correlated with the mass-to-
charge ratio of the residual gas inside the glass envelope.



The time interval between the main output pulse and afterpulse, which is ap-
proximately equal to the transit time of the positive ion to photocathode is nearly
independent of its point of origin.
ing as a time-of-flight mass spectrometer. The peaks in the time spectrum of the

Therefore, the photomultiplier is approx. act-

afterpulse time distribution, corresponding to a particular ion, generally show
some fine structure. The positive jon transit time varies as (M/Z)ll2 where M/Z is

the mass-to-charge ratio. The mass-to-charge ratio for ions H+, H;, Hezf, He+, N+,
N; and CO+ isl1l, 2, 2, 4, 14, 28 and'28, respectively. By neglecting the initial

thermal velocity and the transit time of a photoelectron from the photocathode to
the point of ionization, the following equation for the time-of-flight of the col-

1iding ion can be obtained10

tion = 72010 s v s )

0

where the integration of the electric potential function is over the path from So
(ion formation point) to the photocathode. V(s) is the potential in volts and s is

the distance in meters.
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Fig. 2 Electron transit time as a
function of the voltage between the
photocathode and anode.

- Fig. 1 Simplified component arrangement
of a high-gain photomultiplier.

The afterpulse phenomena was studied systematically by several authors9 whoAin—

troduced trace amounts. of various gasses into photomultipliers. Subsequently, in

further wor‘ks,lo_v17
larly with respect to the afterpulses which result from the diffusion of helium
through the photomultiplier g]éss enVe]ope.lB’19 Although the helium is present in
small concentration in ambient air, it is sufficient so that its atoms, which can
permeate readily through the glass envelope, can cause afterpulses. This effect

may be enhanced often by the fact that photomultipliers are frequently used in lab-
2

the physical origins of afterpulses were investigated, ‘particu-

s
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oratories where ambient concéntration of helium is significantly increased by emis-
sions from helium Dewar bottles or from gas Cherenkov counters. Other phenomena
may also cause afterpuising, such as dynode fluorescence, electrical fields over
the exposed glass of the envelope, etc. In order to measure this characteristic, a

'signal induced time spectrum must be taken of the anode output pulses.

In this paper, an effort has been made to investigate and review the afterpulse
time spectra of some new generation commercially available photomultipliers in or-
der to further our understanding of afterpulsing. Other characteristics of the
photomu]tip]jers,'generally not available from manufacturers, have been measured
and previously pr‘esented.zo'22 Specifically, time spectra have been studied of
the new generation RCA 8850 and 8854 photomultipliers, which use conventional mul-
tiplier structures. Furthermore, the spectra have been investigated on a new gen-
eration of ITT 4129f extended life microchannel plate photomultipliers.

The RCA 8850 2" 12-stage photomu]tip]iér is a modified version of the RCA 8575.
Both have identical electron multiplier structures, electron optics and semitrans-
parent cesium-potassium-antimony photocathodes deposited on a pyrex entrance win-
dow. The only significant difference between 8850 and 8575 is that 8850 has a ce-
sium-activated gallium-phosphide secondary emitting surface on the first dynode.
This surface has a secondary emission ratio of 30-50 instead of the 5-8 ratio of
the conventional dynode material. The high pulse-height resolution of the 8850
makes it possible to set the threshold of the signal discriminator in the valley
between the single and double photoelectron peaks, eliminating most of the single
photoelectron pulses which are mostly thermionic initiated from the photocathode.
The anode output pulse (10—90%) rise time is 2.4 ns at an applied voltage between
the anode and cathode of 2500 V. |

The RCA 8854 photomultiplier is a variant of the RCA 4522. It has a high gain
GaP (Cs) first dynode followed by 13 Be0Q dynodes. The new RCA designation for the
photocathode is 35 ET (formerly 118), which has a peak response at 400 nm and a
quantum efficiency of 27%. Its spectral response extends from 200 nm to 600 nm.
The maximum useful photocathode diameter is 114 mm; the anode output pulse (10-90%)
rise time is approx. 3.2 ns at the supply voltage between the anode and cathode of
2500 V. This photomultiplier is designed for experimental research instrumentation
where good pulse-height resolution and large photocathode areas are important.

The electron transit time as a function of voltage between the photocathode and
anode was measured for both photomultipliers. The reference pulse was the electri-
cal signal from a pulsed mercury light source. The transit time was measured from

. 50% of the leading-edge amplitude of the reference pulse to 50% of the leading-edge

of the photomultiplier output pulse.” The results are shown in Fig. 2; the electron
transit time was 32 ns and 67 ns at 2500 V for 8850 and 8854, respectively.
The new ITT F 4129f photbmu]tiplier has an $-20 photocathode with a maximum us-
able diameter of 18 mm and 3 microchannel plates in cascade for the electron multi-
3
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plication. The plates are in a Z-configuration to reduce the positive ion feed-
back. The 3 plates are identical, having 12 um diameter channe]sVWith length to
diameter ratios of 40. Proximity focusing is used at the input and collector. The
anode output pulse (10-90%) rise time is approx. 350 ps using microchannel plate
voltage of 2500 V. In the ITT F 4129f device a protective film is provided between
the photocathode and the microchannel plate which leads to a significant improve-
ment in quantum efficiency stability and life expectancy. |

,
aj“-\ T
. :

DESCRIPTION OF THE MEASURING SYSTEM

The system described in Ref. 12 was used to measure afterpulse time spectra. ‘A
pulse generator was used to drive a light-emitting diode, type XP721; which pro-
duced light pulses for the photomultiplier. The trigger pulse from the pulse gen-
erator was delayed and shaped and then used as a start pulse for the time-to-ampli-
tude converter. The output pulse of the photomultiplier was used as the stop pulse
for the converter after being processed by a constant fraction discriminator. In
order to count the afterpulises which came immediately after the main photomuitipli-
er pulse, the maih output'pulse was delayed after the start pu]se.' The time at
which the ma1n photomu1t1p11er pulse occurred was taken as time zero. . However, in
order to count the afterpulses which occurred s1gn1f1cant1y later 1n “time and with
a very low count rate the tr1gger pu]se from the pulse generator was purposely de-
layed to come after the photomu]t1p]1er main ‘pulse SO that an output pulse from the
converter wou]d only occur when the photomultiplier generated an afterpu]se. The
output,of_the converter was then recorded and displayed on a pulse-height analyzer.
In order to look for pulses many microseconds after the main pulse (the timing
range of the converter being set accordingly) the operating'frequency of the test
system was quite Tow.

RESULTS AND DISCUSSIONS

The typical results of the measurements of afterpulse t1me spectra made on
three RCA 8850 and 8854 photomultipliers are summarized in’ Table 1. Measurements e
were made using the voltage divider network suggested by RCA for fast pulse re-
sponse. With 2500 V applied between the anode and cathode, the average gain was
approx. 1.8X108, while the dark current was 4.6x10’8 A. With full photocathode ,
illumination, under single photoelectron counting conditions at a rate of 100 kHz,
afterpulses were detected in the typical time interval ranges of 18-22 ns and 342=
415 ns, after the main output pulse for the RCA 8850.

- When the light pulse intensity was increased so that pulses with three photoe-
lectrons were produced by the 8850's, afterpulses were detected in the 19-22 ns and
1342-413 ns time intervals, as before, in all three photomultipliers. Detailed re-

4
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sults are given in Table 1. No afterpulse was observed beyond this range up to

68 us under either the single or three photoelectron operating conditions. After-
‘pulses in the 342-415 ns range had a peak amplitude of approx. 2-3 times that of
the main pulse. The photomultipliers tested were 10 years old. During this time
they had been used mostly for calibration purposes of various single photon count-
ing systems and high-gain photon detectors under control conditions in a standard
laboratory environment.

Figure 3 shows the time distribution of output pulses on a logarithmic scale in
the time interval 0-150 ns after the main photomultiplier pulse under 100 kHz sin-
gle photoelectron counting rate. The first distribution at the beginning of the
spectrum is the main output pulse of the photomultiplier. The second distribution
represents the afterpulses which occurred 18 ns after the main pulse.

Figure 4 shows the same afterpulse spectrum on a linear time scale over the .
range 60-680 ns under 100 kHz single photoelectron counting rate. Afterpulses were
also present from 342-415 ns after the main photomultip]ier output pulse.

RCA 8850 RCA 8850

2.4 x 105-J8

AL\

LT, 108.CT= 113 LT= 61z CI= 5700

0 150ns
. TIME (ns)

NUMBER OF COUNTS PER CHANNEL
NUMBER OF COUNTS PER CHANNEL

TIME (ns
XBB B828-6897 ( ) X88 825-6498

Fig.3 Time spectrum of anode output puise Fig. 4 Time spectrum of anode output
between 0-150 ns for RCA 8850 with full pulse between 60-680 ns for RCA 8850

photocathode illumination. with full photocathode illumination.

The two groups of afterpulses occurring in the 342-415 ns range were attributed
to He+ ions which are created in the space between the photocathode and the first
dynode and the second and third dynode.' This conclusion is based on the time-of-
flight of the helium ion from its point of origin to the photocathode and the ion
mass-to-charge ratio. The two peak structure is clearly seen. The first peak of
this distribution is caused by afterpulses generated by He+ ions from the photo-
cathode~first dynode region. The second peak of the distribution was studied by

~increasing the potential of each dynode by approx. 20 V. The effect of the voltage

increase on afterpulse time distribution was observed. The time distribution was
particularly sensitive to variations in the potential of the third dynode. This

further substantiated the conclusion that the second peak is produced by afterpul-
5



ses generated by ions which are formed between the second and third dynode. This
conclusion is in agreement with the results of afterpulse measurements obtained by
Coates7 for 8852 photomultiplier. However, no heport has been made in literature
on afterpulses which occurred in the 18-22 ns range after the main signal pulse.
These pulses appeared at a lower rate but were consistently present in all three
8850's. Furthermore, the amplitude of these afterpulses was approx. 1/2 of the
single photoelectron pulse amplitude, unlike those at the 342-415 ns time range

~ o

]
.

which were 3 to 4 times larger. - :
" The afterpulses in the 18-22 ns range were: the most probably generated by He'
ions, produced between the first and second dynode, striking the first dynode and

causing the secondary emission. This conclusion is based on the calculation of
electron‘transit time between the photocathode and the first dynode and the photo-
mu]tiplier.anode} Also the electric field distribution was taken into account.
The 18-22 ns time range increased when the voltage between the phofocathdde and the
first dynode/focusing electrode was decreased because of the change in the electric
field intensity and distribution. ‘
Afterpuise time spectra measurements were made on RCA 8854 photomuitiplier us-
ing the voltage divider network described in Ref. 12. With 2500 V applied between
anode and cathode, the gain was 3.5x108, while the dark current was I.3x10’7 A.
These photomultipliers were new when tested.
Under single photoelectron counting at a rate of 100 kHz, afterpulses were de-
tected in the typical time interval ranges of 52-58.5 ns and 190-198 ns, after the
main output pulse in all three 8854's. In the 450 ns-68 us time range, afterpulses
were detected in two out of three 8854's. In one photomultipiier at a 10 kHz pulse
rate, 0.8 afterpulses/s were observed at 933 ns and the other at 1 kHz pulse rate
gave 3.4 afterpulses/s at 12.5 us. When the light pulse intensity was increased so
that pulses with three photoelectrons were produced by the 8854's, afterpulses were
detected in four time intervals in all three photomultipliers: 54.5-59 ns, 197-
198 ns, 956-987 ns and 10.6-12.8 us. ~Typical results are given in Table 1.
Figure 5 shows the time distribution of output pulses in the time interval 0-
150 ns after the main photomultiplier pulse under a 100 kHz single photoelectron
counting rate. The first distribution at the beginning of the spectrum is the main -
output pulse of the photomultiplier. The second distribution represents the after-
pulses which occurred in the 52-58.5 ns time interval after the main pulse. ‘ ¥
Figure 6 shows the afterpulse speétrum in the time interval 4.5-68 yus under :
10 kHz-three photoelectron counting rate'(limited by the time-to-amplitude convert-
er timing range setting). Afterpulses were present in all three photomultipliers
at 8.5 us, 9.2 us 12.8 us and 14 us after the main photomultiplier output pulse.
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Fig. 6 Time spectrum of anode out-
Fig. 5 Time spectrum of anode. output pulse put pulse between 4.5-68 us for RCA
between 0-150 ns for RCA 8854 with full photo- 8854 with full photocathode illumi-
cathode illumination. "~ nation.

Based on considerations similar to those given above, afterpulses in the 956-
987 ns range were attributed to He+ ions which are created in the space between the
photocathode and the first dynode. This conclusion is in agreement with the re-

119 for a similarly de-

sults of afterpulse measurement obtained by Bartlett et a
signed photomultiplier 4522. However, no report has been made in literature on af-
terpulses which occurred in the 52-58.5 ns and 190-198 ns ranges after the main
pulse. These pulses appeared at a higher rate. They were consistently present in
all three 8854's. The afterpu]ses in the 52 58.5 ns range were generated by He
ions, in existence between the second and third dynode, striking the second dynode
and causing the secondary em1ss1on. The afterpulses in the 190-198 ns range were
caused by He jons between the first and the second dynode, causing the secondary
emission from the first dynode.

Afterpulse time spectra measurements were made on ITT 4129f using the micro-

channel plate voltage of 2500 V. The photomultiplier gain was 1.6x106.

This new
generation‘device has a 7 nm thick ion barrier film between the photocathode and
the input face of the first microchannel plate to prevent the bombardment of the
photocathode by positive ions. Intkoduction of the fi]m has resulted in a signifi-
cant improvemenf in the photocathode quantum efficiency stability and life expect-
ancy. Furthermore, extensive studies of the performance characteristics of this

device have shown that the introduction of the film has resulted in total elimina-

“tion of the afterpulses. Similarly, no aftekpu]ses were detected in the Hamamatsu
‘R1564U microchannel plate photomultipliers with protective film. In this device

the entrance part of the first microchannel plate is covered with a thin aluminum
film. In contrast, all microchannel plate photomultipliers without protective film
made by various manufacturers have demonstrated the strong afterpulsing phenomena

and the photocathode quantum efficiency decrease during operating time.7’8’11’18

7



Afterpulses were detected in the 50 ns, 200 ns, 250 ns end 320 ns time regions.
They were identified on the basis of the ion mass-to-charge ratio with the follow-
ing species: H;, H20+, N; + CO+ and COE. Furthermore, it was also shown that

the afterpulse appearance probability increases proportionally with the number of
photoelectrons in the pulse and the device gain. The appearance probability has
shown a strong dependence on the residual gas pressure inside the vacuum envelope
and the outgassing status of the microchannel p]ate.11 The only disadvantage:of
the usage of the thin protect1ve film between the photocathode and the input face
m1crochanne1 plate is a reduction of photoe]ectron co11ect1on eff1c1ency of the de-
vice input electron optics. According to preliminary. ca]culat1ons the co]]ect1on
efficiency can be reduced by approx. 20-30% depending on the part1cu]ar photomu]t1-
plier and its operating conditions.

At present, phys1ca1 processes responsible for the existance of the afterpu]ses
in the 8.5-14 us time range are not well understood. The very late appearance of
afterpulses after the main output pulse eliminates a possibility of the bptical
feedback from the electroluminescence of the dynodes to‘the photocathode and the
afterpulses generation at the photocathode or dynodes by positive ions. This con-
clusion is based on calculations of electron and positive ion transit times between
the photocathode, the first, second and third dynode and the photomultiplier anode,
taking into account the electric field distribution and the mass-to-charge ratio of
various single ions and ionized molecules as well as the device geometry. The veryw
late afterpulses appearing in the 5 us and 40 us time range after the main pulse
were also reported in Ref. 23 in more recently manufactured 8850's. However, they
were not observed in the same photomultipliers produced 10 years ago.ls' More ex-
perimental work is required before the nature of these sometimes observed, very
late afterpulses can be determined. '

In addition to the He+ ions which are mainly responsible for the afterpulses,
‘the H' and H,
channel plate photomultipliers
time. However, there is disagreement in literature concerning the afterpulses gen-

jons were also identified in some conventionally designed and micro-

10,11,13 yhich were manufactured at a particular

| erated by oxygen positive ions. Results reported in Ref. 9 strongly suggest that
no afterpulses are produced by oxygen. This conclusion iszbased on ah experiment
where small quantities of various gasses were introduced into the demountable pho- )
tomultiplier to determine unambiguously the associated afterpulses. In this exper- v
iment afterpu]ses were produced and identified with various introduced gasses (Xe+, )
_A+, N2 and H ) but not with oxygen. This result is in contrast with experimentad

data reported in Ref. 10 where presumably the O ion afterpulses were observed in

the 747-900 ns time range for the sealed 8852 photomultiplier. Later, results were
reported in Ref. 13 which indicated difficulties to localize the time position of

0" and 02 afterpulses as well as to obtain agreement between theoretical consider-

12,15 we have not detected af-

¢

ations and experimental data. In our measurements,
8
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terpulses which can be identified with oxygen ions. In general, the possibility of
detecting the oxygen re]dted afterpulses is extremely small because the oxygen mol-
écuies inside the photomultiplier envelope are immediately absorbed by the alkali
metals of the photocathode or possible gettér material. Consequently, afterpulses
previously assigned to oxygen ions may be due to other gaseous species'such as OH.
The expérimental evidence mentioned above and in cited references clearly shows
that photomultipliers have a long usable lifetime without serious increases in af-

“terpulses in a typical laboratory environment. Necessary corrections should be

made, however, in single photon counting systems to account for the existence of
afterpulses when accurate results from the fluorescence lifetime measurements are
required. This is particularly important in experimental situations where lifetime
measurements are made over a dynamic range of several decades. Under some experi-
mental conditions where ambient concentration of helium is artificially elevated by
the emission from helium Dewar bottles or gas Cherenkov counters, the probability
of generating afterpu]seé increases significanﬂy.19 In this case, the photocath-
ode quantum efficiency decreases in a relatively short time period because the pho-
tocathode is continuously bombarded by high]y concentrated helium positive ions.
The effect of afterpulses can be reduced by introducing a dead time in the measur-
ing system. In such cases, the deadtimé‘should be adjusted to a value whith will

not compromise the system measuring accur‘acy.24

Tablé 1. Afterpulse Performance of 8850 and 8854 Photomultipliers

8850 Photomultiplier 8854 Photomultiplier
Measurement Time 450ns-{4.5us~ | . 450ns~-|4,5us~
Interval 0-680ns 7us | 68us 0-680ns 7us | 68us
171 at
18ns ’ 106 at
Single Photoelectron | 155 at b b 58.5ns b b
Pulse Rate = 100kHz | 35lns 5.5 at
310 at _ 190ns
415ns . )
Afterpulse | . o :
Single Photoelectron 0.8 at :
Count Rate | "p )se Rate = 10kHz b a b b 933s| P
(cps) _
Siﬁgle Photoelectron
Pulse Rate = lkHz b a b a
5.8 at
19ns 10.4 at| - 9 at
Three Photoelectron | g1 a¢ 59ns 2 at 9.2us
Pulse Rate = 10kHz a a
ulse Rate 350ns 12 at 956ns | 14 at
362 at 198ns l4us
413ns

a - Afterpulses were not observed.

b - Measurement was not made due to a measuring system limitation,

9
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