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ABSTRACT 
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A system for scintillations from nuclear events ha.s been developed 

and is presently in use at the Lawrence Radiation Laboratory. This paper 

primarily describes the pulsed light source used to simulate nuclear events; 

it also describes the necessary nanosecond pulse techniques to measure the 

light source parameters and to operate large numbers of lamps. 

The pulsed light source uses field-emitted elE;!ctrons to initiate a 

discharge in hydrogen. The light pulse lasts about 2 nsec and rises in 

about 1 nsec. Pubie shape of the light is measured by using sampling techniques. 

The light intensity and the spectral characteristic are both given. Con-

siderations concerning distribution networks are shown. Use of the light 

source as a spark gap trigger is also discussed . 
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Multichannel high-ene,rgy nuclear counting experiments are becoming 

large and complicated. An enormous amount of effort is needed to initially 

set up and align a large experiment. For example, an experiment currently 

in progress at Berkeley has a total of 104 multiplier phototubes. The time 

resolution required in this experiment is on the order of 1/2 nanosecond. 

Therefore, the accuracy with which an experiment is calibrated in time is 

extremely important to the success of the experiment. 

Multiplier phototubes of the variety used in counting experiments 

exhibit transit-time differences up to 25 nsec. The transit time and the 

phototube gain both depend on the voltage applied to the phototube. Generally, 

the gain of all the phototubes in an experiment will be held to the same value, 

7 
for example 3 x 10 However, the gain as a function of voltage for a 

number of tubes can be relied upon to be different. The erid result is that 

transit times through each tube are not identical. To resolve times in the 

nanosecond,.region. one must find a method to check and adjust the timing 

of the phototube and related electronic equipment. The use of cosmic-ray 

particles or accelerator beams to time such equipment is common, but may 

be time-consuming or costly because machine time is valuable. The pulsed 

light source described herein accurately times multiplier phototubes in the 

nanosecond region. 
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The light source is small and can be permanently affixed to each 

scintillator in an experiment. A number of these light sources can be 

operated with one electrical driying pulse fhat is distributed to the light 

sources via splitting transformers and coaxial cables. 

Light Sources 

A small pulsed light source has been developed that uses field-emitted 

electrons to initiate a discharge in hydrogen. The discharge is obtained by 

applying a voltage to the junction of a tungsten wire and a dielectric--in this 

case, a barium titanate ceramic. This ceramic exhibits a high dielectric 

constant, typically greater than 4000. The lamp is shown in Fig. 1. The 

tungsten lead is grounded and a positive pulse is applied to the ceramic. 

This results in emission of electrons from the tungsten due to the high 

electric field concentration at the junction. An avalanche is started in the 

gas and contributes to the total c'U:rrent through the device. When hydrogen 

gas is used at a pressure of 1/2 atmosphere, the avalanche is quickly 

quenched upon removal of the electrical pulse. At millimeter gas pressures, 
. . . - .-_ . 

the lamp remains excited for several hundred nanoseconds. 

The lamp exhibits a minimum or threshold voltage of about 350 volts. 

The operating range extends to around 4000 volts. As the lamp voltage is 

increased indefinitly, arcing occurs. This sets an upper limit to the driving 

voltage. This, along with the threshold voltage, ·varies from lamp to lamp 
. 

owing to manufacturing differences. In terms of amplitude stability of the t 

light, voltages from about 700 to 3000 volts are ideal. Less than 10% ./ 

amplitude jitter can be expected between these voltage limits. The amplitude 

difference between lamps is on the order of 2 to 1, therefore usually some 
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form of optical attenuation is used with the lamps, such as polaroid films, to 

account for this amplitude difference. 

Figure 2 shows a typical phototube output pulse. Figure 3 is the 

measured shape of the light pulse, showing a 10-to-90% rise time of 1.2 nsec, 

and a 50% pulse width of 1. 75 nsec. Figure 4 is a graph of light output as 

a function of lamp voltage. Figure 5 is the spectral characteristic of the 

light over the visible portion of the spectrum. The techniques used to 

measured these parameters are described later. 

Associated Equipment 

Pulse Generators 

Since the lamp requires a minimum of around 350 volts to light, the 

pulse -generator requirements are severe. The lamp can be used on any of 

several sources of power. A sine-wave oscillator has driven the lamp at 

a 100 -kc repetition rate. A thyratron pulser has been built that is capable 

of driving the lamp at 20 kc. This pulser has a rise of 6 nsec and a pulse 

width of about 8 nsec at the 50% points. The primary feature of the lamp, 

however, is its ability to light with negligible time jitter. Other devices 

that use a discharge in a gas depend on a source of electrons to start the 

avalanche. In many cases, such as in spark gaps and fla~h lamps, randomly 

occurring cosmic rays or external radiation sources are needed to start a 

discharge. The field-emitted electrons in the lamp are predictable and need 

only sufficient voltage to start. If the threshold voltage varies from pulse 

to pulse, a slowly rising pulse or voltage wave causes corresponding time 

jitter in the start of the field emission. The jitter is on the order of tens 

of ·nanoseconds when the lamp uses a 100 kc sine -wave drive. 
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A fast-rising pulse of the required amplitude can be generated with 

a mercury capsule pulser. This gives a minimum value for time jitter of 

around 0"1 nsec or less. The pulse generators presently in use deliver a 

3000-volt pulse into 50 ohms. The rise time of the pulse is o:6 nsec andthe 

pulse width is set to 2 nsec. Trigger pulses that can be used to start other 

equipment are derived from the main output pulse. The pulses are generated 
. . 

by switching a charged coaxial cable into an output transmission line of 

matched impedance. A mercury capsule in a constant-impedance oil-filled 

enclosure is used as a switch. As opposed to a normal mercury-capsule 

pulser, the capsule contacts are not vibrated to produce contact closure. 

Instead, the voltage on the charging cable is allowed to periodically rise to 

the breakdown potential and· a spark occurs. At 6 kv, this occurs about 100 

times a second" The pulse-to..:.pulse jitter is not importcint in.this case, 

since the unit is used to synchronize the other electronics" 

The pulse-generator power .supply is a current-regulated solid-state 

supply. The high voltage is generated by a Cockroft- Walton voltage multi-

plier" The regulatur senses the average current through'·the capsule and 

controls the high voltage to maintain· a constant current. A more complete 

description is given elsewhere. 
1 

· 

System Example 

Figure 8 is a block diagram of the pulse generator, splitting transformer, 

arid four light sources as they might be use.d. In a hypothetical counting experi-

ment, a reaction may be sought :that requires the time relationships of scintil-

lator pulses as.shown. in Fig. 6. For simplicity, it: is assumed that the phototube 

' ' i 

transit times are identical through the tubes. Also, the cables connecting 

the phototubes to the monitor panel are adjusted for. equal delays. The 

minimum delays are arbitrarily set at 2 nsec. Channels A and B are 

-
' 
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connected with this minimum delay. Channel C requires a delay cable of 

17.2 nsec (15.2 +2 nsec), and channel D a 2L5-nsec (19.5 + 2 nsec) delay 

cable. The logic circuits under these conditions give an appropriate readout 

indicating that the circuits are properly adjusted. By varying any of the 

delays from the above values, one can determine the time resolution of the 

logic circuits. The method used can be extended, since the splitting trans-

formers can be cascaded to give up to 256 usable outputs. The most corn-

plex logic system can be easily adjusted and checked when so desired. The 

time dif~erence between individual light sources is less than 0.2 nsec. The 

necessary delays needed to simulate an event are then determined by cable 

length. Figure 7 shows one setup of a patch panel with 16 pulse-generator 

outputs and 104 lamp inputs. 

Splitting Transformers 

When more than one lamp is to be lit with one electrical pulse, the 

electrical pulses to each lamp must be synchronized with a high degree of 

accuracy. One could imagine a series of pulse generators with their triggers 

properly delayed to synchronize them. Another method would be to generate 

a single pulse at a low impedance level, for example 5 ohms, and then con~ 

nect ten 50-ohm cables in parallel to «l:iYire fue pulse. The pulse generator 

that is generally used develops its output at a 50 -ohm impedance level. 

Therefore, the problem was to distribute this 50-ohm pulse. 

The splitting transformers perform the operation of dividing a pulse 

input into four equal and synchronous outputs. The output voltage is one-

half the input voltage. These transformers are constructed of four equal 

lengths of RG-174/U coaxial cable. The cables are connected in parallel at 

one end. Then, the other two cables are connected in the same way. This 

results in two cable pairs, each of 25-ohrn input impedance. The two 25-ohm 
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cable pairs are then connected in series. This gives one 50 -ohm input and 

four 50-ohm outputs. Each cable:_ is 1ft long. Electrically; this is about 

I nsec in length. Since for two of the cables, or one .cable pair, the input is 

shorted I nsec (or I foot) later, one cable pair is wound on a ferroxcube core. 

This raises the impedance of this shunt path. Figure 8 shows a splitting 

transformer along with a simplified schematic. 

A method of increasing the voltage applied to the light has been developed. 

Small autotransformers can be wound that step up the applied voltage by a 

factor of 3. These transformers slow the rise time of voltage by about 10%. 

A two-turn primary and a seven-turn secondary are used on a ferroxcube 

208Fl25-102 core. The differentiating time constant is 48 nsec. Figure 1 

shows the core mounted in the lamp holder. 

Measurement· Techniques 

Light-Pulse Shape 

The pulse shape is measured ll:ry sampling the light pulse with a 

specially gated phototube. The phototube used for measuring the shape of 

the light pulse is a specially constructed type similar to a I P21. A grid or 

gate is located between the photocathode and the first dynode; a small 

negative grid bias cuts the tube off. Figure 9 is a block diagram of the 

scheme used. A splitting transformer is connected to the pulse generator. 

One output is fed to the lamp and a second output to the grid of the phototube. 

The phototube grid pulse is differentiated and clipped, resulting in a very 

narrow positive pulse, less than 0. 7 nsec wide at the base. The grid has 

a negative bias of about 30 volts with respect to the photocathode. When 

the grid bias is exceeded by the gate pulse, electrons flow from the photo

cathode to the first dynode if the arrival of photoelectrons from the cathode 
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coincides with the gate pulse. The amplitude of this output is then measured 

as a function of delay in the lamp drive circuit by using constant-impedance 

variable-delay lines. The resultant shape is shown in Fig. 3. 

The rise time that can be measured is limited by the width of the gate 

2 
pulse. A series of measurements was::taken with varying gate-pulse widths. 

The rise time of 1.2 nsec is at least as good as shown in Fig. 3. The 

structure of the grid is not conducive to transmitting fast pulses. In order 

to eliminate as much error as possible, only a small portion of the cathode 

was illuminated, about 1/64 in. 
2

. This tube has been used to measure light 

3 4 
pulse shapes of other fast lamps. ' 

Light-Source Intensity 

The measurement of the photon output of the .tamp involves counting 

photons. Essentially, the idea is to reduce the amplitude of the .light until 

there is on the average only one photon from the lamp incident on the photo-

cathode per pulse of the lamp. This technique eliminates the necessity of 

knowing the gain of the phototube. A single photon is the minimum amount 

of light that can be incident on the photocathode' of the phototube. At this 

average level, there are some pulses for which no photons are incident on 

the photocathode. If the light level is lowered even further, tliere are many 

light pulses for which there is no phototube signal generated. Assuming a 

Poisson probability distribution of emitted photons with an average of 1 

photon per pulse, theri although the light were pulsed 50 times one would ex-

pect only 32 outputs of one or more photons. To carry this further, we must 

consider the quantum efficiency (QE) of the phototube. The quantum 

efficiency is defined here as the average number of electrons photoelectrically 

emitted from the photocathode per incident photon of a given wavelength. 

The QE of the tube used here is 13% when measured with 4300-angstrom 
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light. This means that for every 100 photons of 4300 A wavelength incident on 

the photocathode, there are, on the ·average, 13 photoelectrons emitted from 

the photocathode. Since the QE must be taken into account in counting single 

photoelectrons, we must modify the expected number of photoelectrons to 

0.13 per pulse. If the light is pulsed 100 times and there are 12 phototube 

outputs, then we can assume an average of one photon per pulse reaching 

the photocathode. The resulting total count taken over a large number of 

pulses is proportional to the light intensity below a count of 2 or 3 per pulse. 

The setup for measuring the photon output of the lamp was as follows. 

The light source was placed 123 inches from the photocathode of a CBS CL1090 

phototbtube. The exposed area of the photocathode was 1/1024 in. 
2

. These 

figures were arrived at empirically to get about 5 phototube counts per 100 

light pulses·. The lamp was driven at a repetition rate of 100 cps and the 

phototube output viewed with a traveling-wave scope, a Tektronix 519. The 

sweep was triggered by the pulse generator each time the light was pulsed. 

The illuminated cathode area of the phototube was varied along with the distance 

between the light and the phototube until about 5 counts per 100 flashes were 

recorded. To simplify matters, the vertical-position plate of the 519 was 

driven with a sawtooth generator to form a raster. This resulted in about 

15 traces per photographic exposure; The value of tube gain is not needed, 

since amplitude information is not required. ·If the light is evenly distributed 

over a hemisphere bounded by the plane formed by the face of the titanate, 

the ratio of hemisphere to photocathode area gives the total photon flux. At-' 

660 vo its, this turns out to b"e 2 x 10 
7 

photons per pulse per 2TI steradians 

within the wavelength range of 3000 to 7000 A. 
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Speet-ral Characteristics 

A diffraction grating was used to measure the spectral characteristics 

of the lamp. In order to resolve a 100-A increment in the spectrum, slits 

were used in the optical path between the light source and the phototube. 

The small solid angle usable caused the intensity of the light to fall to a 

low value. Therefore it was decidecl to use a measurement technique that 

eliminated the value of phototube gain from the results. 

The technique of coui::rtil}g single photoelectrons is used to measure 

the spectral characteristics of the lamp. Since there is at least a 100-to-1 

variation in output of the lamp as a function of wavelength, it is particularly 

important that phototube gain be excluded from the results. The argument 

is as follows: The intensity of the light is low to begin with, and after the 

spectrometer is even less. Some regions of the spectrum, however, are 

intense enough to give a current output from the phototube that is proportional 

to the incident light. When the intensity in a portion of the spectrum falls to 

the level of several photons per pulse, however, the statistics in the photo

tube become poor. The amplitude information from the phototube is then 

meaningless. Therefore, the light intensity was reduced to give only two 

or three photoelectrons per pulse at the most intense region of the spectrum. 

It is of course necessary to count for a longer time in the lower. · intensity 

range of the spectrum. 

The spectrum was measured by using a Bausch and Lomb diffraction 

grating. The light and the phototube remained in a fixed position and the 

grating wa1.S rotated to select the various wavelengths. Because the slit 

width in the optical path was reduced to give a count of two or three photons 

per pulse in the most intense region of the spectrum, the resulting resolution 

was approximately 100 A .. Grating efficiences and photocathode spectral 
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response are accounted for in the results. Events were counted for a period 

of 60 seconds, which represents about 6500 light pulses, The data were 

taken over the range of wavelengths for which the phototube is reasonably 

sensitive, i.e., 3000 to 6500 A. 

The tube gain, for measuring single photons, must be high enough to 

trigger other circuitry, or to be displayed on a scope. The price paid for 

high gain is a high noise level--i.e., the noise pulses, which arise from 

amplified thermionic emission, a'TJ.el of the same size as the signal pulses due 

to single photoelectrons. The noise pulses are therefore counted by the 

output counter, However, the timing of the noise pulses is random. Figure 

10 shows the scheme that is used to reduce the effect of noise. The co-

incidence circuit allows only the pulses timed with respect to the light flashes 

to be counted. A gate that is triggered by the pulse generator is applied to 

one coincidence input, the amplified phototube signal is fed to the other input, 

and the relative delays are adjusted until coincidence is obtained. The gate is 

25 nsec wide to allow for transit-time spread in the phototube. The pulses 

counted are those due to light flashes, and noise pulses are reaected by afactor of 

l/25x100x 10- 9 ::::400,000, The noise count in one measurement in one ex

periment was less than one count in 2000 pulses of the light. This compares 

with 30 counts in 1000 pulses of the light at tire weakest part of the spectrum. 

Splitting Transformer Parameters 

The techniques used to measure the splitting transformer parameters 

have been described elsewhere, 
5 

but are briefly reviewed· here. The char-

acteristics can be measured by using either frequency-domain and time-

dam ain techniques. For the 1/2 -nsec -rise pulser used with the lights, time

domain tests are more easily applied than frequency-domain tests, Ahio, the 

time position of discontinuities can be found. Then, it is easy to find the 
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spatial position of the discontinuities. An oscilloscope using a traveling

wave deflection system, such as a Tektronix 519, is employed in these 

measurements. In this case, a pulse is fed into the output connection of the 

helix of the traveling-wave tube. The device under test is connected to the 

input helix connector. The sweep is delayed until the pulse traveling back

wards through the helix reflects from the device under test. Then the 

reflected pulse, instead of the incident pulse, is traveling in a direction to 

deflect the beam. This places the discontinuities on the traveling-wave 

tube face. When the splitting transformers were tested by using this technique, 

a 12% reflection, inductive, was seen at the leading edge of the pulse. This 

reflection was at the inp:ut of the splitting transformer. The tables used 

inside the transformer were. slightly less than 50 ohms, since a small 

negative reflection was seen on the slope. If the voltage-standing wave ratio 

were measured and the value of the coefficient of reflection were found, one 

would have a difficult time determining the positions of the discontinuities. 

Considerations in the Operation of Lamps 
7 

Generally, RG-9/U and RG-55/U cables are used to connect the lamps. 

These double-shielded versions of RG-8/U and RG-58/U reduce spurious 

radiation which might affect other circuitry. GR874 connectors are used to 

connect the cables to the lamps. BNC connectors are usually used at the 

Short patch panels and N connectors are used on the splitting transformers. 

delay times are achieved by using RG-55/U cable. Over 30 nsec or so, 

RG-9/U should be used. For long delays, l-in. -diameter styroflex cable 

can be used. This cable would be good for delays up to a microsecond. 

In typical applications of the light, cable loss is an important factor 

in the operation of the lamps. The frequencies represented by the 2 -nsec 

pulse are high and have components extending to 600 Me or more. Distortion 
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and attenuation both occur. 6 Generally, this attenuation limits the number 

of lamps that can be run in an array. The amplitude and time jitter that 

can be tolerated must be considered. When cable runs are long enough to 

give a 6 -db loss to the pulse, then one spl~tting transformer must be 

eliminated. A good practice is to use a voltage of twice threshold to light 

the lamp. The development of the step-up transformer in the lamp package 

was to overcome cable loss in one experiment. Since 50 or 60 feet of cable is 

typically used, the transformer has remained as an integral part of the lamp 

package. 

Sp1l"rk_Gap Triggers 

In 1887, Heinrich Hertz demonstrated that the length of a spark dis

charge could be increased if the gap was irradiated with a source of 

ultraviolet light. The technique of illuminating a spark gap to improve its 

performance is still used today. Often a third electrode is used to trigger 

two main electrodeso However 9 this third electrode requires a significant 

voltage to initiate the discharge. The third electrode still would have a 

time delay and jitter associated with its firing. It was hoprlthat the pulsed 

light source described above could be used as a spark-gap trigger. 

Some preliminary work was undertaken to examine the possibilities of 

using the ~1ight source as a trigger, At this writing, the results are en

couragigg enough to continue the study of the problem. 

The first attempt to trigger a two-electrode spark gap used a light 

source in a glass package placed near the negative electrode. Little effect 

was noted. It was thought that the glass envelope attenuated the ultraviolet 

portion of the spectrum, so the glass envelope was removed. This resulted 

in reliable triggering of the gap. 
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This first gap was a low~volt.age one that would breakdown at about 2 

kv de. The de voltage applied to the gap was lowered 100 or 200 volts 
'. 

below the de breakdo~~m potential. The light was placed in a position to 

illuminate the negative electrode, When the light was p~lsed, the gap would 

break down with a time de lay of 10 nsec and a jitter time of 1 nsec, 

The next gap held off about 20 kv de, The voltag.~ applied to the ga]D 

was set a kilovolt below, the ~l= breakdown potential. Pulsing the light would 

cause the gap to fire with 40 nsec delay and l 0 nsec jitter. The gap current 

was between 500 and 1000 amp for 100 nsec, A rectified but unfiltered 60-cps 

voltage was then applied to this gap. The light pulse was synchronized to 

the 60 -cycle voltage to light at the time the peak value of ripple w'as reached. 

The peak value of ripple overvoltaged the gap by about lOo/o. The gap had 

less than: 15 nsec'time delay with less than 2 risec jitter,· 

. The preliminary work resulted in the const'ruction of a lamp for the 

express purpose of illuminating spark gaps. The power gain associated with 

this scheme is around 10
8

. Light intensity has little effect upon time delay 

and jitter. This is probablybecause the €'-folding time of the gap is ex-

tremely' short, . Qne problem that exists in the light -t:dggered gap is that 

the lamp must be hidden'from the main arc discharge. The light source is 

generaliy a few millimeters from the negative electrode, If a 500-amp 

current were to hit the lamp, the lamp would be ruined. At this writing, the 

lamp and the gap a're run iri air at l atmosphere. Work is presently in 

progress tb reliably trigger a 20-kv 3000-amp gap. 
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Figure Captions 

Fig. 1. A lamp, a lamp in its holder, and the complete package. 

Fig. 2. The electrical output of a 1P21 phototiJ.be when illuminated with 

the lamp. The horizontal scale is 2 nsec/division and the 

vertical scale is 0.4 volt/division. 

Fig: 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

The measured light pulse shape. 

Relative light output as a function of lamp pulse voltage. 

The spectral characteristic of the light source. 

A hypothetical counting experiment. 

A patch pane 1 that is presently in use. The "star 11 is made of 

connectors that go to the lamps. The pulse generator can be 

seen. The 16 electrical outputs are directly above and below the 

star. 

Fig. 8. A splitting transformer. 

Fig. 9. Block diagram of the scheme used to measure the light -pulse 

shape. 

Fig. 10, The spectral measurement block diagram. 
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This report was prepared as an account of Government 
sponsored work" Neither the United States, nor the Com• 
m1ss1on, nor any person acting on behalf of the Commission: 

Ao Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

Bo Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this reporto 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor" 




