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A MEASURING SYSTEM FOR STUDYING THE TIME-RESOLUTION
‘CAPABILITIES OF FAST PHOTOMULTIPLIERS.

C. C. Lo and B. Leskovar

Lawrence Berkeley Laboratory
University of California
" Berkeley, California 94720

Abstract

A measuring system has been developed
for studying and optimizing the time-
resolution capabilities of fast photoelectric
devices, such as standard and microchannel
type photomultipliers.. The system incorpo-
rates a subnanosecond light-pulse generator
capable of operating at repetition frequen-
cies up to 3 MHz with output light pulses
having a full width at half-maximum of 1less
than 200 psec, and a zero-crossing discrimi-
nator which has a time walk of *40 psec over
a 170 mV to 8 V input-pulse amplitude varia-
tion. Averaging the data from several suc-
cessive measurements, the measurlng system
time resolution is 20 psec. .

Introduction

Investigation of the time-resolution

capabilities of fast photoelectric devices is

becoming increasingly important in a multi-
tude of research areas, such as subnanosecond
fluorescence spectroscopy instrumentation,
experimental research instrumentation, optical
ranging experiments, and optical communica-
tion. The objective of our investigations is
to determine and optimize the operating con-
ditions giving the best time resolution with
fast standard and microchannel type photomul-
tipliers. These devices are important in
subnanosecond nuclear lifetime studies and
fluorescence spectroscopy instrumentation for
biological research. Sensitivity and time
response of single-photoelectron delay
coincidence-time spectroscopy systems for
lifetime measurements depend primarily on
time capabilities of the photomultipliers and
on the performance of a subnanosecond light
source and signal processing system.

Our measurements have shown that sub-
nanosecond time-resolution capabilities of

"modern high-gain photomultipliers, such- as

single-electron time spread, are so good that
the rise time and the full width at half maxi-
mum of the light pulse, as well as discrimina-
tor timing errors, h%Vg significant influence
on measured results The study of these
limiting factors has required the development
of a special measuring system to study and
optimize the time-resolution capabllltles of
fast photomultipliers.

Measuring System Block Diagram

A block diagram of the measuring system
for studying the time-resolution of fast
photoelectric devices is shown in Fig. 1.

The system consists of a light pulse genera-
tor, a zero-crossing timing discriminator,
leading edge discriminators, delay cables,
time-to-pulse amplitude converter, and a
multichannel analyzer. Since all components
used in the system are available commercially,
except the subnanosecond 1light pulse genera-
tor and the zero crossing timing discrimina-
tor, which play the most important roles in
the whole system, this paper will treat these
devices in considerable detail. An electro-
luminescent diode, Ferranti type XP-23,
driven by an avalanche transistor pulse
generator, was used as the light source.
Generally, the photomultiplier time resolu-
tion studies were made with a small 1.6 mm
light spot as functions of the position on
the photocathode sensing area, and also with
a large spot illuminating the full photocath-
ode. For studies concerning different photo-
cathode sensing areas, a positioning disc
with 3.2 mm holes spaced 4 mm apart, along
lines parallel to and perpendicular to the
long axis of the first dynode, was attached
to the photomultiplier window. To prevent
the electromagnetic field of the light pulser
from interfering with photomultiplier opera-
tion, a 12-inch long American Optical LG3
light guide was used to carry the light pulse
to the photocathode. Whenever a particular
area of the photocathode was chosen to be
illuminated, the light guide was placed in
the corresponding hole of the positioning
disc.. The successive scanning was done along
the X and Y axes, with the longer side of the
rectangular first dynode as the X axis. The
illuminated area of the photocathode was no
larger than 1.6 mm in diameter. For time
resolution studies with full photocathode
illumination, the positioning disc was re-
moved. For measurements of photomultiplier
C31024, an auxiliary anode bias supply, a
variable attenuator,-and wideband amplifiers,
Hewlett Packard Type 8447F, were inserted at
points a and b. The auxiliary anode bias
supply was needed for obtaining linear anode
pulse currents of approximately 75 mA peak
from the C31024. The discriminator output
was applied to a time-to-height converter via
a discriminator-pulse shaper. The reference
time pulse was obtained from the light pulser
and was passed through a delay line and a
discriminator. The discriminator was followed

" by the time-to-height converter whose output

pulses were applied to a 400-channel pulse-

height analyzer.



Subnanosecond Light Pulse
Generation Considerations

A critical evaluation of the measuring
system has shown that the full width at half
maximum of the light pulse is a fundamental
limitation of the measuring system time reso-
lution. For an accurate measurement of time
resolution, particularly single electron time
spread, the width of the light pulse should
be as small as possible in comparison with
the value of the single electron time spread.
Otherwise, the light pulse width will con-
tribute directly to the amount of the elec-
tron time spread. This is particularly
important in situations where operating con-
ditions of a photomultiplier are optimized
to obtain a minimum value of the electron
time spread. Our measurements have shown
that, for a standard contemporary type photo-
mu1t1p11er with properly optimized operating
conditions, the electron time spread is
typlcallg 320 psec for small illuminated
areas. Our preliminary measurements have
shown that a typical value for a microchannel-
type photomultiplier is 150 psec, without
optimization of its operating conditions.
Therefore, the light pulse generator should
be capable of supplying the subnanosecond
light pulses with a frequency spectrum
appropriately matched to the photocathode
spectral response. The pulse repetition
frequency should be as high as possible.

Electroluminescent Diode as_ Subnanosecond
Light Source

In earlier published works,?'_10 appli-

cation of solid-state light emitting sources
were described, particularly gallium arsenide
and gallium phosphlde electroluminescent di-
odes. Using a mercury reed pulser, a full
width at half-maximum of approximately

0.5 nsec was obtained at a pulse repetition
frequency of 60 Hz. The Cerenkov radiation
process has also been used for producing
short light pulses. However, the process
is characterized by relatively low inténsity
and pulse repetition rate. Furthermore, the
Cerenkov radiation process does not provide
any convenient electrical trigger signal for
associated electronic circuits,

In the present work, forward-biased
and reverse-biased alloyed junction electro-
luminescent diodes were investigated as
sources for subnanosecond light pulses.
Generally, an electroluminescent diode emits
light within the photocathode spectral re-
sponse of most photomultipliers used for
nuclear pulse counting. However, the rela-
tive degree of overlap occurring between the
photocathode spectral response and the spec-
tral distribution of the diode-emitted light
varies widely, depending upon the particular
photocathode, electroluminescent diode, and
diode operating conditions. The dimension-
less spectral matching factor, as defined in
Ref. 12, enables one to calculate the degree
of overlap, and to determine photocathode
current for a given electroluminescent diode.

The matching factor is expressed as the ratio
of the area under a curve, defined by the

‘product of the relative spectral curves of

the electroluminescent diode and photocathode,
to the area under the diode relative spectral
curve. This relationship can be expressed
mathematically as:

00

J W{A)R(A)dx
(e} .

-]

j W{A)dx
)

where W(A) is the spectral characteristic

of the diode normalized to unity, and R(A)
represents the photocathode spectral response
as a function of wavelength, normalized to
unity at the peak.

" To determine electroluminescent diode-
photomultiplier spectra matching factors,
the relative spectral characteristics of a
forward-biased and reverse-biased gallium
phosphide diode, Ferranti type XP-23, were
measured and compared with the published
spectral response of semitransparent bialkali
and extended-red multialkali photocathodes.
The diode spectral characteristics were

- measured with a Jarrell-Ash f6 Spectrograph,

recorded on Kodak spectroscopic plates, type

- 103aF and type 1N, which were measured with

a Jarrell-Ash 23-100 Microphotometer, and

the spectral response plotted. Results of
these measurements are given in Figs. 2 and
3. The matching factors for RCA photomulti-
pliers 8850, C31024, and C31000E for the for-
ward bias case were calculated, according to

" Equation (1), to be 0.023, 0.026, and 0.722,

and for the reverse-biased diode 0.050,
0.052, and 0.813, respectively. It can be
seen that reverse-biased electroluminescent
diodes have a higher spectral matching factor
with typical bialkali and multialkali photo-
cathodes than forward-biased diodes. A
forward:-biased Monsanto type diode MV10A

gave matching factors of 0.0013, for types
8850 and C31024, and 0.808 for type C31000E.

Further measurements on a number of
XP-23 diodes showed that there is a signifi-
cant difference in the emitted light pulse,
depending upon whether the diodes are ex-
cited in the forward or reversed direction,
as can be seen from Figs. 4 and 5. Using a
fast photomultiplier RCA C31024 as a detec-
tor, the impulse excitation of the diode by
a 3A, 250 psec current pulse in the forward
direction resulted in a train of amplitude
decaying light pulses which lasted for
approximately 300 nsec, due to the long
storage time. The impulse excitation in the
reverse direction by the same electrical

4



pulse as in the previous case gave a clean
light pulse, as can be seen from Fig. 5.
Using an RCA 31000E as a detector, the output
pulses showed the similar pattern for forward
and reverse impulse excitation. Also, im-
pulse excitation with 120 mA, 5 nsec current
pulses gave photomultiplier output pulses of
similar structure as in the previous case.
Consequently,. the reverse impulse excitation
of the electroluminescent diode was used in
the subnanosecond light pulse generator, both
because of the higher matching factor and the

" clean waveshape of the light pulse. The

Monsanto gallium arsenide phosphide MV10A
diode did not show different waveshapes of
the light pulse under forward or reverse
impulse excitation. However, it was not used
in our measurements because of significantly
lower values of the spectral matching factor
for a typical bialkali photocathode.

Photoelectron Yield Measurements

The photoelectron yield per excitation
impulse in the reverse direction was meas-
ured for the XP-23 diode, using photomulti-
plier types C31024 and 8850 with bialkali
photocathode, and a C31000E having an ex-
tended red multialkali photocathode as
detectors. With the system diagrammed in
Fig. 6, the photoelectron yield was measured
as a function of electroluminescent diode
pulse current, with current pulse width as
the parameter.

The electrical pulse was generated by a
Tektronix 110 pulse generator. The current
amplitude of the electrical pulse was ad-
justed by varying an external dc power supply,
and the width of the electrical pulse was
determined by the length of the charging line
used. To obtain the 250 psec FWHM electrical
pulse, the General Radio connector at the rear
panel of the Tektronix 110 pulse generator
was disconnected inside the generator from
the charging circuit, thus reducing the
length of the charging line to a.minimum.

The electroluminescent diode current was
monitored by using a Tektronix P6034 probe
connected across a current shunt in series
with the diode. The current shunt was made

up of six 10 ohm 1/4 watt carbon composition
resistors arranged in a concentric manner
with the XP-23 diode assembly, with a "Conhex"
bulkhead receptacle, type 15, mounted at the
center.

The photocathode of the photomultiplier

‘was placed one inch away from the diode to

capture nearly all of the photons from the
diode. The peak of the single photoelectron
pulse height spectrum on the multichannel
analyzer was first located and used as the
reference channel. Once this was done, the
photomultiplier operating conditions remained
the same throughout the experiment; this was
essential to eliminate the uncértainty of the
photomultiplier gain which, if changed, un-
doubtedly would affect the accuracy of the
measurement. The maximum anode output cur-
rent of the photomultipliers throughout the

whole measurement was kept below 25% of the
peak linear anode current to ensure good
linearity. Since the amount of photoelectron

" yield per pulse extended over more than four

decades, it was necessary to attenuate the
light intensity accurately. This was done
with calibrated optical neutral density fil-
ters. Since noise pulses in these photomul-
tipliers were single-electron dominated, the
noise pulses were used to locate the single
photoelectron peak. This was done with the
electroluminescent diode turned off and the
linear gate opened to allow noise pulses to
go through. After the peak was located, the
gate was enabled to reject almost all other

pulses except those generated by the diode.

The driving current of the diode was adjusted
so that the output pulses from the photomul-
tiplier were single-electron dominated. This
was the pulse current producing one photo-
electron. The counting rate and the pulse
height were noted at this time and used as a
reference for further measurements. A neu-
tral density filter with 10% transmittance

was then inserted between the diode and the
photomultiplier, and the driving pulse cur-
rent of the electroluminescent diode was
adjusted to bring back the same counting rate.
and pulse height as in the previous case.

This was the pulse current producing 10 photo-
electrons. A 1% transmittance neutral density
was then placed between the photocathode and
the diode, and the diode driving pulse current
was again adjusted to obtain the same counting
rate and pulse height. This was the pulse
current producing 100 photoelectrons. Like-
wise, a 0.1% transmittance neutral density
filter was used to calibrate a diode pulse
current corresponding to 1000 photoelectrons.
The same technique was used for all three
photomultipliers. Results of the measure-
ment are shown in Figs. 7, 8 and 9. The

yield of photoelectrons per pulse is nearly’
proportional to the breakdown current over.
two to three decades of current, for electri-
cal pulse widths of 5 and 10 nsec. There is

a nonlinear dependence of photoelectron yield
upon the breakdown current for electrical
pulse widths of 0.25 nsec, 0.5 nsec, and

1 nsec.

The peak inverse voltage across the
diode is of interest. With the photomulti-
plier type C31024 and an electrical pulse
width of 5 nsec, a voltage of 37 V at 3 A
resulted in a photoelectron yield value of
103 per pulse. When a photomultiplier type
8850 was used with the same pulse width and
photoelectron yield, the peak diode voltage
and current were 34 V and 2.4 A, respectively.

-For an electrical pulse width of 250 psec, a

peak voltage value of 66 V at 3.6 A of pulse
current produced a photoelectron yield of

40 for the C31024. When an 8850 was used, a
peak voltage value of 50.5 V at 2.7 A of
pulse current gave the same result. Using a
C31000E, the peak voltage value was 30.8 V at
1.9 A of pulse current for the photoelectron
yield of 104, using a pulse 5 nséc wide. The
peak reverse voltage value was 55 V at 3 A of
pulse current for the photoelectron yield of
400 and an electrical pulse width of 250 psec.



Although literature dealing with expla-
nations of physical phenomena of light emis-
sion from forward-biased p-n junctions 13.14
(recombination radiation) is extensive,” ™’
there is no satisfactory explanation of fast
pulse light emission from reverse-biased gal-
lium phosphide junctions (breakdown radia-
tion).

In general, reverse-bias electrolumi-
nescence in GaP diodes can be associated with
the internal-field emission (Zener) process,
and avalanche breakdown. In the internal-
field emission process, the slope of the con-
duction and valence bands in the depletion
layer becomes so steep that the horizontal
distance between the isoenergetic levels
lying in the valence and gonduction bands
becomes smaller than 100 A. Under these con-
ditions, electrons can pass through the for-
bidden gap into the conduction band by the
quantum-mechanical tunneling mechanism.

The "avalanche breakdown process occurs
in practical diodes when the junctign elec-
tric field becomes approximately 10°V/cm.

In this case, electrons and holes contribu-
ting to the total junction saturation current
attain sufficient kinetic energy in the deple-
tion layer to cause impact ionization of the
valence electrons. These electrons are
promoted to the conduction band through
electron-electron scattering. The secondary
-electrons produced in this way are accelera-
ted to produce more carriers by impact ioni-
zation. Breakdown occurs because of the
rapid increase in the carrier density due to -
the avalanche multiplication process. :

Avalanche breakdown can be distinguished
from tunneling breakdown by an analysis of the
reverse bias I-V characteristics and their
temperature dependence. The temperature co-
efficient of the breakdown voltage, dvg/dT,
is negative for the tunneling mechanism
because the energy band decreases with rising
temperature. -For an avalanche breakdown the
temperature coefficient is positive, because
the free path of hot carriers decreases with
rising temperature, due to the excitation of
optical phonons. Our measurements of the
temperature coefficient of the diode XP-23,
made at temperatures of 77°K and 300°K, have
shown a decrease of the breakdown voltage
with decreasing temperature, indicating a
genuine avalanche breakdown. The diode
breakdown voltage was approximately 10 V
at 300°K. :

GaP diode electroluminescence originates
in small avalanche breakdown regions in the
junction plane ( so called microplasmas) which
occur at local inhomogeneities in the junction
field. The field inhomogeneities are caused
by crystal imperfections. Microplasmas have
been associated with groups of dislocations
or dislocations in regions of doping inhomo-
geneity. The quantum efficiency of the re-
verse bias electroluminescence is generally
low, because the electron-hole pairs genera-
ted by impact ionization are separated by the
external field, and the recombination proba-
bility of the energetic carriers is low.

However, as described in a previous section,
reverse bias electroluminescence gives a
clean light pulse with extremely short rise
and decay time. The short rise and decay
time is not surprising, since the time con-
stants for the buildup of an avalanche proc-
ess are extremely small, depending primarily
upon carrier scattering time. Moreover, when
the current pulse is turned off, the built-in
junction field sweeps the carrier into the

n- and p-region. There they are the majority
carrier and cannot give rise to radiative re-
combination. Consequently, it can be said
conclusively that the FWHM of of the emitted
light pulse is closely equal to the FWHM of
the diode current pulse.

Concerning the reverse-bias electro-
luminescence spectra, it would appear from
the results presented in Ref. 15 that the
bremsstrahlung mechanism is a possible ex- S
planation for the radiation spectra that
have been observed. In this mechanism the
high-energy carriers lose their energy at
breakdown by retardation in the Coulomb
field of ionized impurities,. causing the
emission of light.

‘Our measurements have shown that the
low-intensity. light was emitted from the
electroluminescent diode in' the prebreakdown
region of -the dc diode current-voltage char-
acteristics. The measured threshold of the
dc reverse voltage applied to an electro-

‘luminescent diode XP-23, for single-

photoelectron emission, had an average value
of 6.1 V for 9 diodes. The average value of
the diode current was 0.55 pA. The average
value of the dc forward voltage threshold
for single-photoelectron emission was 1.33 V.,
The average value of the diode current was
0.88 mA. In these measurements the photo-
multiplier C31000E was used as a detector.

Subnanosecond Light Pulse Generator

+ The subnanosecond light pulse generator
developed with electroluminescent diode XP-23
is shown in Fig. 10. The circuit designed to
provide the operating subnanosecond current
pulses for the diode consists of an avalanche
transistor pulse generator and a step re-
covery diode pulse-shaping unit to steepen
the front edge of the electrical pulse. A
separate standard type pulse generator, capa-
ble of supplying pulses with nanosecond rise-
times and amplitudes between 1V to 5V, is
required to operate the subnanosecond light
pulse generator. The polarity of the input f\

-pulse is determined by the connection of the

input pulse transformer. With an input trig-
ger pulse, both avalanche transistors break
down at the same time, discharging the energy 9
stored in the emitter circuits of the ava-
lanche transistors. The 10 to 1 resistor
divider at the collector of the transistor Q
provides a trigger pulse for triggering ex-
ternal circuits. Through the 470 pf decou-
pling capacitor, American Technical Ceramics
100 B 471 M MS 200, the output pulse from the
avalanche transistor stage is fed to the step
récovery diode, HPA 5082-0320, which is
biased in the forward direction. As the



negative charge from the pulse equalizes the
positive charge stored in the diode, the di-
ode snaps to the off state in approximately
100 psec. To further reduce the tail of the
pulse, a 16 mm-long, 50Q clipping stub is
used. The two hot-carrier diodes connected
in parallel block the dc path for the step
recovery diode bias. Current waveforms, as
monitored across the current shunt, showed
ringing in the 2 GHz range. To investigate
whether this ringing was producing photons,
an RCA C31000E photomultiplier with extended
red multialkali photocathode was used to
monitor the photon emission from the XP-23
diode.

Normally, the electroluminescent diode
was driven by a current pulse of -1.33 A
having a width at FWHM of 200 psec, while the
voltage across the diode was -20 V. The
positive-ringing half cycle had an amplitude
of +0.662 A, the width being 250 psec at
FWHM, and the negative half cycle of the
ringing had an amplitude of -0.3 A, having
approximately the same width. To determine
that the positive-ringing half cycle was not
producing any photon, the Tektronix 110 pulse
generator was used to find the current. .
threshold of the diode when being pulsed in
the forward direction. The current threshold
barely starting to produce single photon
emission, as. seen by the C31000E, was +0.722 A
with a 250 psec pulse. The negative half cy-
cle ringing current of -0.3 A was well below
the current threshold for producing single
photons in the reverse direction of the im-
pulse excitation. Furthermore, monitoring
the output of the C31000E photomultiplier
with an oscilloscope showed no objectionable
pulses, such as those produced by operating
the XP-23 diode in the forward dlrectlon of
the impulse excitation.

To find the current threshold of the
XP-23 diode for producing single photoelec-
trons in the reverse direction of the impulse
excitation with a 200 psec pulse, the dc power
supply of the subnanosecond pulse generator
was lowered until no photon emission was
detected. The negative current threshold was
found to be -1.15 A, using a photomultiplier
C31000E as a detector. The voltage across
the diode at this point was -17.5 V. Further-
more, to make sure that the output pulses
from the photomultiplier were of single-
photoelectron orlgln, a pulse height spectrum
was measured.

The subnanosecond light pulse generator
was capable of operating at a repetition fre-
quency of 3 MHz, with an output light pulse
having approximately a full width at half
maximum of less than 200 psec. The high
repetltlon frequency 1is partlcularly desira-
ble, since it shortens measuring time neces-
sary for obtaining the required statistics
for the study of time resolution capabllltles
of fast photomultipliers.

Zero-Crossing Discriminator

The time walk and resolution charac-
teristics of a zero-crossing discriminator
are perhaps the most important factors in
determining the timing error of the measuring
system. A number of circuits have been de-
vised for deriving timing signals from scin-
tillation detectors with a reduced amplitude-
dependent timing error. Of three methods
for deriving time information from the photo-
multiplier output pulse, the leading edge
timing with a fixed threshold discriminator,
the fast cross-over timing, and the constant-
fraction-of-pulse-height timing, our measure-
ments and considerations show that the fast
cross-over timing with the clipping stub
technique is at present the most practical
method for single photoelectron timing. A
modified-pedestal type discriminator was
developed in which the photomultiplier anode
signal is clipped and a pedestal added, al-
lowing adjustment of the discriminator to the
zero-crossing point.

Generally, a bipolar pulse can be
generated either by a clipping stub or by the
attenuation-subtraction technique. The
abrupt baseline crossover point of a bipolar
pulse is relatively independent of the pulse
amplitude, thus making it a good place to
obtain the amplitude-independent timing in-
formation. Despite the amplitude-independent
crossover point of a bipolar pulse, a leading
edge detector being triggered at this point
still introduces walk in the nanosecond -
range when the amplitude’ dynanic range is
wide. To overcome this, a pedestal is added
to shift the bias up to the detector thresh-
old at the right time. By doing this, the
detector triggers as soon as the zero-
crossing point of the bipolar pulse is
reached, producing an amplitude-independent
timing pulse. In this discriminator, tunnel
diodes with backward diode nonlinear loads
were used exclusively as threshold devices
and pulse shapers.

Circuit Description

A schematic diagram of the zero-
crossing discriminator is given in Fig. 11.
Pertinent waveforms at the specified points
in the diagram and- the discriminator sequence
of operation are given in Fig. 12. Referring
to both figures, the unipolar input anode
pulse at point A has been changed to a bi-
polar pulse at point B by a clipping stub.
The input signal connector and the clipping
stub connector on the discriminator are con-
nected directly.-to the circuitry without any
length of coaxial cable in between. This is
especially important for those short signal
pulses which require a short clipping stub
and minimum transit time termination. In
fact, special efforts were made to minimize

all interconnecting leads throughout the en-

tire discriminator, which was built on a

-



carefully laid out double-sided fiberglass
board. If there is ringing on the trailing
edge of the input pulse, the zero-crossing
point should be placed away from the ringing
portion, or the signal should be improved
before making measurements; otherwise the
timing information will be impaired.

The termination and amplitude-limiting
network consist of resistors R1, R2, R3, and
diodes CR1 and CR2. The diodes make up the
nonlinear part of the voltage divider, which
attenuates high amplitude input pulses to
prevent damage and to minimize time walk due
to overloading of the zero-crossing and
threshold detectors, CR4 and CR5. However,
when the input pulse amplitude approaches
10 V, overloading time-walk becomes signifi-
cant. Diodes CR1 and CR2, the nonlinear
elements in the voltage divider, contribute
partially to this undesirable shift in time.
Resistors R4 and R5 constitute a 20 db
attenuator, providing a monitor signal of
the bipolar pulses.

The positive portion of the bipolar
pulse serves as the trigger pulse for the
tunnel diode CR4 threshold detector. Diode
CR4 has a peak currént of 4.7 mA. .The
abrupt cross-over slope provides better
triggering for the leading edge threshold
discriminator, resulting in a pedestal with
less time shift due to the wide dynamic range
of input signal pulse amplitude. Operating
the leading edge threshold detector in this
fashion, the pedestal time shift was found
to be approximately 500 picoseconds better
- than the same detector triggering at the
leading edge of the input signal pulse over
a dynamic range of 30:1. Variable resistor
R9 is the lower threshold adjustment of
diode CR4, the control range being approxi-
mately from 30 mV to 3 V. Inductor L1 and a
backward diode CR3 serve as the nonlinear
load for tunnel diode CR4. Operating a tun-
nel diode in this mode improves performance
in sensitivitg and reduces standby power
dissipation.l The output of this stage in
turn triggers the tunnel diode CR8 which is
the pedestal generator. Diode CR8 has a peak
current of 10 mA. A shorting stub is the
load for this stage, which generates a 15
nanosecond long pedestal (point C). While
this is taking place, the bipolar pulse is
being delayed for approximately 2.6 nano-
.second by the delay cable (point D) before
appearing across tunnel diode CR5, the zero-
crossing detector. Diode CRS5 has a peak cur-
rent of 10 mA. Variable resistors R10 and
R15 are for bias adjustment for the tunnel
diode CR5 and the pedestal generator diode
CR8, respectively. The bias pedestal is ap-
plied to the zero crossing detector diode
CR5 through inductor L3 and resistor R14.
Before the pedestal bias pulse reaches tunnel
diode CR5, the bipolar pulse arrives and its
negative-going portion ensures that the zero-
crossing detector will not trigger until the
zero crossover point is reached, at tz. The
zero-crossing detector is a one-shot multivi-
brator, using an inductor L2 and a backward
diode CR7 as a nonlinear load. Resistors R1l2
and R13, R22 and R23 are voltage dividers
providing monitoring signals for the zero-
crossing detector and pedestal generator,
respectively. : ' '

The buffer stage which follows uses
tunnel diode CR10 and the primary winding
of the coupling transformer and the backward
diode CR11 as .its nonlinear load. Diode
CR10 has a peak current of 10 mA. Variable
resistor R17 provides bias adjustment for
CR10. Transistor, Q1l, serves as the output
amplifier. The output pulse at point F is
a .5 V negative pulse with 7.5 nsec at FWHM
and 1.5 nsec risetime. The total propagation
time through the discriminator is approxi-
mately 10 nsec. i

Time Charactersitics Measurements of Zero-
Crossing Discriminator

Time walk and resolution characteris-
tics of the zero-crossing discriminator, as
a function of the input pulse amplitude,
were measured with input pulse risetime
and width as parameters.

A block diagram of the system for
measuring discriminator time-walk charac-
teristics is shown in Fig. 13. The source
of input pulses was a HP215A pulse generator.
Input signal pulses of 0.8 nsec rise time
were applied to the discriminator through a
wideband variable attenuator, in order to
provide input signal pulses of variable am-
plitude. Where input signal pulses of a
slower rise time were needed, a three-section

.RC integrator was used between the Tektronix

P6034 probe and the variable attenuator. The
reference timing signal was taken from a
Tektronix probe to eliminate any time jitter
from the signal generator.

The time walk of the attenuator was
explored before the discriminator time walk
was measured. For this.purpose, an appro-
priate clipping stub was connected at the
output of the HP215A pulse generator. The
integrator was not in the circuit, as 0.8
nsec risetime pulses were used. The zero-
crossover point of the bipolar pulse coming
out from the attenuator was fed.directly to
one channel of the sampling oscilloscope,
and ‘was compared with the zero-crossover
point of the reference pulse on the other
channel. Using the 20 db position as the
reference point, the time walk of the attenu-
ator was found to be *50 psec over an
attenuation range of 40 db. When measuring
the discriminator time walk, the integrator
was used to obtain pulses with slower rise-
time and the clipping stub was removed from

. the output of the HP pulse generator. The

time walk characteristics of the system were GN

‘then found by comparing the 50% point of the

leading edge of the reference pulse and the
50% point of the leading edge of the output
pulse of the discriminator. Again the 20 db (2

-position was used as the reference point.

The time walk characteristics of the dis-
criminator were obtained by making correc-
tions for time walk of the attenuator.
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urements.

Time-walk characteristics of the dis-
criminator, as a function of the input pulse
amplitude with various input pulse rise times

"and widths as parameters, are shown in

Figs. 14 'and 15. The repetition frequency of
the input pulses was 100 kHz. 'The input pulse
rise time and width in Fig. 14 were 0.8 nsec,
1.5 nsec, 2 nsec, 4 nsec, and 1.3 nsec,

2.2 nsec, 3 nsec and 6 nsec, respectively.

It can be seen from Fig. 14 that the time
walk in the best possible case has a value
from -40 psec to +40 psec for an input pulse
amplitude variation from 170 mV to 8 V and an
input pulse rise time and width of

ty = 0.8 nsec and ty = 1.3 nsec, respec-
tively. The time walk is from -60 psec to
-40 psec for the same input pulse amplitude
variations as in the previous case, where the
input pulse rise time and width are t, = 1.5
nsec and ty = 2.2 nsec, respectively. The
discriminator time-walk characteristics for
input pulse width t, = 10 nsec and input
pulse rise time t, = 0.8 nsec, 1.5 nsec,

2 nsec and 4 nsec are given in Fig. 15. It
can be seen that the value of time walk
varies from -40 psec to +40 psec for input
pulse amplitude variations from 120 mV to 8 V
and a pulse rise time of ty = 1.5 nsec.
Generally, the shapes of the time walk curves
depend upon the input pulse rise time and
width.

The block diagram of the system for
measuring the time resolution of the zero-

"crossing discriminator is given in Fig. 16.

The discriminator time resolution was meas-
ured as a function of the input pulse ampli-
tude with the input pulse rise time and width
as parameters. Similarly, as in the previous
case, the Tektronix pick-off probe P6034 was
used to obtain a reference pulse and to
eliminate the jitter from the pulse generator.
The reference pulse amplitude remained the
same during the discriminator resolution meas-
To find the time resolution of the
system without the zero-crossing discrimina- -
tor, the discriminator was disconnected from
the system. The measured time resolution of
the system was 15 psec FWHM. With the dis-.
criminator in the system, and using the wide-
band attenuator to vary the input pulse
amplitude, the time resolution of the complete
system was measured. Results of measurements
are given in Fig. 17. It can be seen that the
total system time resolution is 20 psec FWHM,
for an input pulse amplitude variation from
200 mV to 8 V and for a pulse rise time and
width of 0.8 nsec and 1.3 nsec, respectively.
The time resolution is below 80 psec FWHM for
input pulse rise times of 2 nsec and 4 nsec
for the same input pulse amplitude variation.
Generally, the complete system time resolution
is practically determined at low values of
input pulse amplitude by the time resolution
of the zero-crossing discriminator.. Addi-
tional improvements of the time walk and
resolution characteristics of the discrimina-
tor are possible by using a wideband precision
type amplifier with a wide dynamic range.

Conclusions

Characteristics of a measuring system
for studying the time resolution capabilities
of fast electro-optical devices have beeén
presented and discussed. A new subnanosecond
light pulse generator and zero-crossing dis-
criminator have been developed and employed
in the measuring system to reduce pulse light
width and amplitude-dependent time errors,
when performing investigation and optimiza-
tion of time-resolution capabilities of
electro-optical devices. The timing errors
associated with impulse pulse amplitude varia-
tions have been evaluated so that circuit
parameters may be chosen to minimize these
errors. The system can be modified and ex-
panded to a number of practical situations
where high time resolution in the subnano-
second region is needed. Furthermore, using
the described system, determination of opti-
mum operating conditions of fast photoelectric
devices can be done easily and convenlently
in a relatively short tlme.

By means of the described system, a
single-photoelectron time spread of 320 psec
FWHM has been measured for an RCA 8850 photo-
multiplier, using a 1.6 mm light spot on the
photocathode, and optimizing the input elec-
tron optical operating conditions.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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