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TRANSIT T 'E CHARACT ISTICS OF ULTIPLIER 
PROTOTUBSS UNDER PULSE COfiD ITIO 8 

I TRODUCTION 

A phototube 1 photo ens1t1ve or light ctu ted 

electron tu It consists or a pbotoc thode for emitting' 
photoel ctrons when it 1s illuminated and an anode f or 

collect the el otrons emitt d by the o thod • Since the 

electrons uat b drawn from the t ode to the anode , An 

external source of voltage is required tor the operation of 

the tube. 

It phototube 1 to be ua d tor ampl1f1eat1on , struc­

tures called dynodes r i n serted into the p ototube and 

1t then beoo ea multiplier phototube . T e light f lling 

o the light sen 1t1ve photocathode cause 1t to e 1t tree 

electrons, which are focused into a beam and drawn to tho 

t1ret d ode . Tb1a dynode 1a at a more positive potential 

due to an external source of volt g • ~aeh pr1 ry eleo• 

tron that strikes the dynode 111 rre more electrons. 

ratio or the number ot lectrons leaving the dynode 

aurtace to the number 1no1dent ia called the secondary 

mission ratio. The secondary emission ratio 1 dependent 

upon the energy of the pr1 ry lectrone. 'l'h1s process 1a 

then repeated, e each st ge or dynod haa a ore pos1t1v 

potential th n the previous one. The combined photoel c­

tron e 1ss1on d econd ry electron e taston en give a 

current lt1pl1c t1on or several 1111on. 
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To achieve the large values of ampl1ticat1on. it is 

neceaaar;y that the teriale f or t he photocathode and the 

dynodes be very efficient. The etf1ciency or interaction 

between photon and electrons varies with tb wavelength 

ot the i ncident r diation, and tor any given photocathode 

terial there will be a wavelengt h of 1no1dent radiation 

giving the largeat current ampl1t'1cat1on . 

This theeia 1n no way att mpts to paas jud ent on 

manuf acturers or t hetr tubea., for given tube oan be 

suit ble for one application and yet not euitable tor 

another. I n ny appl1cat1ona transit t ime t hrough a 

phototube 18 unimportant; 1n other appl1cat1ons 1t may 

have a negligible effect upon the reaulta required; 1n 

etlll other applications the transit time may conceivably 

have a value of the a e order ot magnitude a s the time 

one 1a working with, therefore* having a re 1 aign1t1cance 

and requiring consideration. 

In the past t1ve years t here ha been an 1nereaaed 

interest 1n pbototube transit t~e analya1e. R. v. s 1th 

at the Westinghouse Research Laboratories, Quentin Kerns 

and eder1ck Kirsten at t he University of Cal1torn1 

Radiation Laboratory , • J. Me ~amara at t he Bell Telephon 

Laboratories, and George orton at the RCA Laboratories 

have done considerable work , 1n the· area s covered by th1a 

thesis. 



R.XPEf' TAL C SIDERATIONS 

ina commercial lt1pl1er phototubea were tested to 

deter ~e their tranalt t1 ea and the f ctora contributing 

to variations 1n the transit timea. F1 ure l on page 4 

shows aix ot the lt1p11er phototubes conaidered 1n th1a 

t ,heala. The 6935 and the 6~&2 are not ahown 1n t1 e l, 

but their appe ran e ia abottt the aa ae the 6291, except 

that they have only a one•halt 1nch diameter nd-wtndow as 

co pared to the one and one-halt inch d1am ter for th 

6291. tb the 6935 and the 6S62 are deai ed tor uae tn 

printed c1rou1ta. The 6365 appears the same as the 6985, 

onl7 1t has a height of two inches aa co pa~ei.S to lour and 

three-quartera tor the 935. 

The 6292, 6291 , 6935, and the 6362 re 10-dynode box 

atructu.rea; the 6365 ia a 6-<!1ft,ode box t:ru.ctur , and are 

manufactured by Du ont. 'lhe 2020 and 655.. are 10-dynode 

ah1elded squirrel cage atr-ucturea .J the 931- 1 a 9-<lynode 

unshielded aqu1rrel cage atruotureJ the 6810 (17, p.l3'7· 

140) 1a a 14-dynode linear structure,. and are manutactur d 

by RCA . All of the phototubea are end-window typ a except 

tor the 93l•A whteh ia a a1cle-w1ndow tube. The aa ple ot 

tubea tested is amallJ or the 54 tu:bea,. there were a1x 

Q3l·A'a, tour 6292's 1 tour 2020's, two 6810 1 a, e1 t 

629l'a, aix 6935'•• aix 6~62t , two 6655-A'a, and sixteen 

63 5 '• · 
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LRL . er-ourz-Capaule Li ght Pulaer 

Accurate trana1t-t1 e aaurement requtrea: 

1. A time reference signal of known accuracy. 

2. A light pulse w1th a fast·r!ae time. 

~. Equipment that will accurately eaaure abort 
time tnterval and taat-riae time pulaea . 

4.. An en iron ent which will not affect the 
ult1pl1er pbototube response. 

Tb moat direct ethod ot achieving the first two 

obj etive was determined to be ercury-cap ule light 

pulaer {figure 2, page 6) , develop d t the Un1ver 1ty of 

Cal1:torn1a Ernest 0 . Lawr nee Radiation Laboratory (LRL) 

(5, p .. l-35 and 6, p.31-36)~ Th1 puleer's moat important 

feature tor transit t1 aa~e ent, is that 1 etr1cal 

pulaee and light pulses ar g nera~ed simultaneously 1n an 

rc discharge. In this way the lectrical pulse ean be 

uaed aa •a tfme r terence. Accoratng to LRL, the 10 percent 

to 90 p raent rl e time tor both pulaea 1n the ercury 

pulaer 1a leae than 0.5 nanoaeconda {1 nano econd = 10·9 

eoonds = l m1111 1croaecond). and the light pulae width 

t tbe 50 percent po1nta <; , where •a• 1a the pulse ampl1· 

tude) la lese than 1.0 nano econd. The light comes from a 

region of a 11 dlam ter and can be con.aidered a point 

source. 

Th reason for a tast r1ae time requirement beeo e 

appar nt when tranait time 1a d,efined. It !a the interval 

between the breakaway point on the input light pulse and 
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A - PG-5 monitor signal output E - Permanent magnet 

B - PG-6 high voltage input F - PG-1 125 ohm 
Trigger output

C - Polaroid attenuator (varies 
light intensity by factor of G - ~G-4 51 ohm 
100) Trigger outputI 

D - Mercury-capsule driving coil H - PG-3 driving 
coil input 

I - PG-2 51 ohm 
trigger output 

Figure 2. LRL Mercury~Capsule Light Pulser 
(Light pulses are emitted from the back of the pult!er.) 
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the 50 p rc nt potnt on the r aulting multiplier phototube 

output pulee, (2, p . ccs-a (3) ) • It aoJMt other point 1a 

uaed, the results will vary b1 so e ll ·a ount. Thte can 

be a ource or difference between the result obtained by 

different observers. 

'l'o f'1nd equip ent that will eaaure rise tt e in the 

1.0 nanosecond :range ta difficult, but it can be achieved 

by modifying a Tektronix 517•A oaeilloecope. The osc1llo• 

aoope r1 e time thro b the vertical amplifier 1e 7-.0 

nanoseconds; by goin d1r ctl7 to th Yert1oal deflection 

plates on oan achieve app.rox1 t ly a 1.0 nanoa oond r1ee 

time., By doing th1a one baa to aaortt1ca aene1t1v1ty, tor 

going to the vertical plates giv a a aena1t1v1ty or approx­

1 tely 15 volta per c • th the retereno pula• and the 

output signal pulse are displayed on the aa e ..eep or the 

osc1lloacop • 

ult1pl1er Phototub Environment 

The reatr1ottona on the multiplier phototube env1ron­

nt ehould b auoh that no external a1 al can atfeat the 

reaulta.. An obvioua aolutlon to thia ta to ount the 

phototube 1n a ~ark enclosure. 1gure 3 on page S ahowa 

the light enoloaure with the light pulaer mounted on the 

end. The enclosure haa a 1cro witch and h1g~·voltage 

relay wh!oh cuts ott the phototub high voltage when the 

door 1a opened. The h1gh•voltage leads and the 1gnal 

oablea e.re ter 1nated at the encloaure walla to ke tor 



Figure 3. Transit Time Measurement Apparatus 

Dark enclosure, cables, power supplies, and 
Tektronix Oscilloscopes use for transit time OQ. 

determination. 
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ob111ty, a well aa to 1neure that the atructure 1• light­

tight. The door 1 1ne t and ha a telt ae 1 around th 

edges. A Polaroid ca era with 3000 -apeed .film at an aper­

ture or t 4.7 wa in erted ln th enclosure and the til 

w a exposed for f1 minutes; no 11 ht leaks were detect­

able. In fi e 3 em the ah lt above the d rk enclosure 

are th !)ower eupplies tor the reuJ-7 pulaer driving 

coil, th rcur7 pulaer high .-oltage , and the phototube 

high Yoltage . The 541• T ktronix Oacillo cope 1a uaed to 

on1tor the ercury pula r, and the 51?-A Tektronix Oec11• 

loacope 18 ueed tor observation ot the output signal and 

marker a1gnal. 

Block Di!SP• for Trana1t '1'1 e 

1 e 4 on pa e 10 ahowa the block d1a am tor th 

tranalt time measurement. It 1a the aa e system a hown 

1n flgur 3. 

Th multiplier phototube output a1gnal pulee cable 

and the t e marker cable have delaJ which are known to 

w1th1n 0 .2 nano8eoonda. Theae cable wer eaaured ustn 

a S L pulee enerator and a 517....A T ktronix oao1lloacope. 

en ua1n the Te ronlx oacilloacope with a direct con­

nection to the vertical deflection p atea, th delay 

through the ai 1 cable and the tille marker cabl uat be 

100 nanoseconds lon r than that through the cabl that 

trig era the oac1lloaoope. Tb1a allowa the aweep to be 

triggered and under way before the e1 al 18 applied to 
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the 'Vertical def'leot1on plates. The distance between the 

11 · t pulaer an<l the multiplier phototube 1a one inch. The 

velocity or light 1n air 1a 1.0 root per nanosecond, ao 

thia transit time is negligible. 

TR SIT TIME VALUES 

The tsaanait time 1n a multiplier phototube depends 

upon several tactora. It varies with the cathod to anode 

voltage , :tbe 'Voltage distribution along the dJnode struc­

ture, the place on the cathode in which the light la inci­

dent , the use ot a fluor in the optical path, and the 

construction of the multipl1•• phototube . 

Transit '1' · e Variation 1tb Overall Divider Voltae 

The transit t1 e aa a function ot the anode to cath­

ode voltage 1a shown 1n f1gu:re 5 on page 12. The transit 

t1 a shown ber are the a eragea measured tor each sample 

ot ult1pl1er tubes. The trana1t time is not a accurate 

aa that which eould be obtained with larger samples; how­

ever , the tr .nait tie does not 'Vary b7 more than 4.0 nano­

seconds from tube to tube. 

It 1s noted that tigur 5 1a log log paper and there­

tore the relation betwe n the transit t1 e nd the anode 

to cathode voltage 1a not linear. The relation o n be 

found by examining the slope or each curv , and the deri­

vation on pages 30 and 31 shows the r lat1on that the 

tran 1t t1mo 1a proportional to the inverse aquar root of 
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the applied voltage. Th constant of proportionality will, 

of oourae, change tro tube type to tube type. Alao, 1t 

ahould be noted that the alopee are not all exactly one­

halt. but the variation appear to be r ndom, and no sys ­

tematic departure ia observed. 

The voltage ranges which ar ua d are typical ot what 

ight be us d in any given a~plie tlon. The upper 11 1t !a 

where regeneration ocoura, and the lower limit 1a where the 

output sign 1 1a too small to give accurate transit timea. 

The manutaoturer'a rated volta e talla 1n approx1 .ately the 

middle or each voltag range. The input signal was alwaya 

1ntatned at a constant value for each tube, and at a 

value tor which the output was neve:zt saturated. The re aon 

for tbia beccmea apparent, when 1t 1a remember-ed that the 

transit time me aurement depended upon eaaur1ng to the 50 

percent point on the output pulae, and 1t a saturated pulse 

output was u.aed the a pl1tude would be down# and conse­

quently a transit t1 e aborter tban the actual transit time 

would be accepted. Ua1ng auch measurements will lead to 

errors ot from 1•8 nanoseconds 1n the true trana1t t1 e 

value. 

The values aa tound 1n figure 5 are in substantial 

agreement with thoae round by S 1th (15• p . 121),. Ke:r•na (4, 

p. 114), and Kiraten (7, p . ~) for the 6292, 6655-A, 931-A, 

and the 6610. The 6291, 2020, 6935, 6~62, and the 6365 

were not ·determined 1n these etu.d1es and to the author's 
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kno ledge. values or transit time for tbeae tubes have 

never before been publ1ah d. 

Figure 6 ahowe the oacilloaeope trace or the transit 

tim • The ttrat pulse 1& the marker or reference pulae , 

and the second pulae 1a the multiplier phototube output 

pulse . F1gUJ"e 6 shows two thinge quite clearly. The 

first_, being o:t prllnary 1ntereat, is the decrease in the 

transit ttme with the increase of voltage.. The other 

point of interest is the r ked increase 1n ampl1t1oat1on 

as th anode t ,o cathode voltage increases. 

A point of 1ntereat ia the method of getting the 

transit tim fro; the photographs aucb as figure 6. 'l'he 

method ua d wa to put the photograph on a comparator, 

which 1 a much more accurate method than trying to eaa­

ure directly ott the oae1lloacope face. Possibly a better 

way to have made tbe measurements would have been to super~ 

1mpoae t1 .1ng markers upon the output signal with a fre­

quency of 500 aegaayclea. 

Photocatbod Influences Transit Time 

Pbotona atr1k1ng on var1oua portions of th photo­

cathode actually liberate photoelectron• which take d1tfer• 

ent t 1mea to reach the firat dynode. It can be aeen read­

11y that the ahape of the photocathode, the focusing 

ah1eld, and the el otr1c field w1th1n the tube determin 

the time required for the electron to travel the d1atance 

between the cathode and the t1rat dJnode. The etfeota of 
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Figure 6. Delay between Trigger Pulse and 
Marker Pulse for Various Divider Voltages. 

Tube Type 931-A 
Horizontal lOmus/cm 
Vertical 13 volts/em 
Voltage Distribution #2 

Anode-cathode voltage from top to bottom: 
lOOOv 
1200v 
1400v 
1600v 
1800v 
2000v 
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tb1a variation ot tl of travel tor the eleotroria abowa 

up at th anode pulse 1n the form or a •preadlng effect. 

F1gur 6 on page 15 ahow th1a etteo.t quite 1"oreetull , 

for the input pulae to the phototu.be is 1.0 nanoaecond 

wide at the 50 percent points, and at a divider voltage or 

2000 -volta, th output pulae 1a approx1 ately 15 nanoaec ·­

onda wide at the 50 percertt potnt • It 1a evident that 

th1a apreadtns ettect will ten~ to increase the tr ns1t 

time or the tube. 

In order to g t a qualitative analya1a or this err ct, 

a 6810 mult1pl1 r phototube was ed, and the efteot waa 

studied by ak1ng ott a 11 port ion ot the cathode and 

then not tb tranait time for th1a portion . Fi 7 

on page 17 shows tb trana1t time 41tterence 1n m1lltm1­

croa eonda aa a tunct1on of the diatanoe ot th exposed 

portion tro the center of the 6810, which ha a 2-inch 

d1a ter photocathod • hen the light 1s incident on the 

extr me ed • ort1on ot the tube it will 1noreaa the 

transit t1 e of thoae electrons by approx1 tely 10 nano­

aeoonda. lf th whole cathode 1a illuminated, ther will 

be a ver7 definite spreading effect a.t the anode. Aa the 

electron traYela through the tube ther will aleo be an 

additional aprea"1ng due to the dynode ahape and etructure. 

The ehape o~ tbe photocathod ha much to do with the 

spread: the tlet cathode, th p rtially curved oathod • 

http:phototu.be
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and tb• tully cur•ed cathode ba~ing leas trana1t time 

appead 1n that order. 

!'he larger dynode atructuree euch aa the 6810 and the 

6292 will also diaplay a larger spread effect than wlll 

the ller d1J1ode tructure• auoh ae the 931- • Some 

tl es (13, p. 82-85) are available tor time spread 1n 

var1oua tubes tor· dt~terent manufacturer , but the method 

uaed to find theae values 1a not entioned. Smith (15, 

p .• 122) baa alao found th1a apread for a 11 1ted number of 

tubea, and he g1vea bia method aa well as hie results. 

Voltase l>1a'tr1but1on Influencea Tranait, Time 

Of great 1ntereat 1a tho tact that the trana1t t1 e 

will vary With the voltage d1atr1but1on on the voltage 

divider. 'fhe voltage d1v1del"' a overall voltage 1a a given 

value, but 1t can be d1atr1buted 1n a saddle c11atr1but1on, 

11nearl7 1noreaa1ng or decreasing distribution, or a con­

stant die r1but1on. The er1te ot these various d1etr1bu• 

t1on are d1acuaeed elsewhere {2. p. COO-t 7-14); t hte 

atudy 1a concerned with the effects ot the d1atr1but1on 

on the transit time. 

Figure 8 on pag 19 ahowa the transit time •• a func­

tion of divider voltage of a 93l•A tor two dttterent volt­

age d1atr1but1ona. For tl e a d1etr1but1on #1 1e a 

saddle d1atr1bu.t1on and diatr1but1cn #2 1e a constant d1e­

tr1bu.t1cm. At anr given anode to c thode voltage, 1t la 

apparent that the transit t1 e can be improved by the 
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choice of the distribution. In tbta particular case, the 

transit tim 1a improved by onl.y 2.0 nanoaeconda for any 

given voltage, but 1n the larger tub a this will be some­

what greater. It the transit ti e waa extremely critical, 

tt would appear that opttm1zat1on of divider networks would 

be eaaent1al. Tb maximum current output or 1mum gain 

is essentially the aame regardless of the divider network 

uaed (2. p. CCS-4 7-14). This 1a advantag oua for~ it 

both gain and transit time ahould be c.-1t1oal tor a ape­

c1t1a applicat ion, one could ~prove the transit time by 

changing the divider network without appreciably affect­

ing the maximum gain of th tube: however, tbe voltage at 

which th1a gain occurs would be altered . The aaddle d1a­

tr1but1on appears to give the taeteet tranalt t1 e in a 

given tube. It la aasWDed that the divider networks used 

tor thia report are charaoter1at1c or those normally uae4. 

The latter stagea of the multiplier pbototube had to 

be capac1t1vel7 by•pa ed ror with the p ak pulse outputs 

drawn !'rom the tubes~ the bleeder ourrnt momentarily 

decreases and therefor~ t here was a resultant voltage fall. 

In the output you then aee what appears to be second 

pulae~ but 1s actually the • e pulse much distorted. 'l'h1a 

t7pe action 11 highly nonlinear as far as the response 1a 

concerned. The d1tt 1culty 1a overcome by by-paaa1ng the 

laat few dJn.OGle bleeder rea1atora. The value or the ca­

pacitor is not orltioal. but hould b chosen ao t hat the 
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RC tillte constant will be at least ten ttmea larger than 

the longest pulae to be cS tected. 

Fluor lmptov e 

A fluor (18 , p. 2-5} acta a a wavelength ahltter 

(aotnt1llator); tor it oona1ata of a phototluoreacent com­

pound uaed with a ae1nt1llator t r ial to abaorb pbotona 

and emit related photons of a longer wavelength. A .fluor 

waa inserted betw en the llgh.t aouroe and the 6 · 10 multi­

plier pbototube. 1 e 9 on p · e as ahowa 1n the top 

tra the pulae output with no fluor 1n the optical path . 

The bottom t~aoe shows the output pulse with a fluor in 

the opt1oal pat • A oan be een, the galn doee not ppear 

to be altered, but th r1a t1 e of th pulse 1a somewhat 

!mprcY d. 

Th eroury pulaer has an s- ep etr 1 r aponae and 

the 6810 phototube baa an S•ll spectral r apona • Ther ­

fore, th light trom the pulaer ot about 3000 angatroma 1a 

absorbed by tb fluor and re-emitted aa light ot approx1­

t ly 4500 angatro:ma. The light pulae on th output of 

the tluor will thua ba•e a ch raeter r1ae time and a 

ali htl:r higher ampl1tuCI • This aharp-riee time pulae will 

etrlke th -11 photocathode, w 1ch !a ~ery een 1t1ve to 

4500 an strom light, and then th• output pulae will aleo 

dlepla7 a abarp r r1 e tt e. Stnoe the transit tim 1a to 

the 50 p reent potnt on the output pulse, it 1a inter sting 

to note that th transit time 1a deereaaed b1 having the 
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Figure 9. 

Tube Type 6810 

Horizontal 20mus/cm 

Vertical 13 volts/em 

TOP: 6810 without fluor 

BOTTOM: 6810 with fluor 
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tluor 1n the optical path. It abould be borne in mind that 

the 1mpro•ement 1n th trana1t t1me comes about by 1 ­

proving the r1ae ttme ot the input pulee. The reason the 

output ia not attenuat d with the tluor 1a that 1t has 98 

percent trana 1aaion. 

Transit Time Aa a Punot1on of Pznode tructure 

The electron tr na1t time 1n a multiplier pbototube 

structure baa been abown to be inversely proportional to 

the square root ot the divider voltage (14~ p. 16-21 and 

15, p. 121-122)., The validity ot thia statement depends 

upon three baa1c aas pt1onat (1) z ro emission velocity 

at each surface, (2) . 1natantaneoua aecondary e · 1aa1on, 

(3) a unique electron trajeoto~J and potential 41atrtbu­

tion tunctlon within ach gap,. and independent or the 

overall voltage. For th oaae of the multiplier photo­

tube, these aaaumptlona pro~e to be ea e ttally correct, 

although they do not represent the tull physical picture ... 

The data ot figure 5 1a plotted as a function or th 

tn•erae square root ot the overall ..-oltage in t'1gure. JO on 

page 24. The data talla alan straight linea from the 

origin Which •er1t1ee that the aaa ptiona de torm an 

adequate picture ot the p~a1cal process. 

Of extre e 1ntereat 1n t1gure 10 1a the fact that th 

tubea tall within aix oup1nga, which are the tour eo­

metric abapea ent1oned, represented by the 54 tubes. It 

abould be noted that the box dynode atructurea tall 1n 
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three groupe depending upon the atz ot the dynodes, the 

diatanoe between c!.Jnodea an4 other geometrical coneidera­

t1ona. Thus_. it would appear possible that given a tube 

with a known typ of construction and eize 1t would be 

very possible to predict the transit time tor given volt­

age. The vari&tlona in tigure 10 appear to be or a rando 

nature, and no departure of a ayatemat1c nature ia ob• 

aerTed. 

It 1a d1tt1oult to ke too any conclusions about the 

multiplier phototubea, but 1t 1a evident that transit ttmea 

tor the tube t')'Pea 1ncreaee with the nWilber ot dynoOes, the 

gap between the d,no4ea, and with the length ot the oathcde­

to-dynode-1 gap. It it 1a des1r bl to hav both a ahort 

tranalt time and a h1gb gain, the squirrel cage or the 

shielded squirrel cage atruoturea would be tb moat de 1r­

able . If 1t 1e deatrable to have both short transit t1me 

and a a 11 alee, the ab1elded aqulrrel cage etructure 

would be the moet desirable. Moat of the tubea are end­

window type so that th1a 1a generally not a taotor in eon­

stderat1on. 

C LCULATED TRANSIT TIYE 

In order to determine it the measured valuea ~or the 

transit ttme tor the various tubes are corr ot. 1t would 

be dea1rable to be able to calculate the transit ttme tor 

a tube. In calculating the transit ti there are two 
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poaa1b111t1ea: (1) th uae ot the 41 na1ona, geometry, 

and voltagea, of a apee1t1c multiplier tube and the neces­

sary approximations, (2) the use of an exact general 

thod which 1a ood for any geo etr7. The ua fulne a of 

each et od dep nd upon the val1dit7 or the aaa pt1one, 

and from practical atandpo1nt th ease of uaing th 

method fol" otber tban the most simple geometr1 a . 

Approx1ete Calculated Transit Time for the 62gl 

ln order to calculate the transit t1 , it 1a neces­

ary to bav the d,node structure or a ltipl1er photo­

tube available. P1·ure 11 on page 27 abowa such a atruc• 

tur tor the 6291 with the d1mena1ona 1nd1oated 1n the 

figure. It will also be noted that a pat baa be n a ~ 

aumed tor a photoelectron to th t1r t d,node, an~ alao a 

path ta aaa ed tor a secondary electron traveling through 

the box dJllOde structure. The 6291 waa a conv n1cmt tube 

to uae, aa the dynode atruotw-e has a q\l&l'ter circle ge·om.­

etry that 1 eaa1ly described thematically. 

The leotron will be aasumed to be 1tted from ach 

d,.node with aero initial velocity. Th following energy 

relat1onah1p will then be true: 

(1) 

=a as or electron~ kilogr a 

e = oharge on electron, coulombs 

v = velocity of electron, ters/second 
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V a volt ge bet'een d o4 s, volts 

d ~ d1at a , met rs 

t = ttme or travel. eeonde 

Equ t1on (l) oan be rewritten a : 

l 
~ 

d
m { t ) 2 

= e V (2} 

Rewriting equation 

t 

(2) yieldet 

=lr2~ (3) 

Equation {3) is 1nte:rest1ng tor it ehowa cl arly that 

the transit t1 could be represented a constant times 

the inver e aquare root or th · appl1 d voltage tor a g1ven 

dyn ap c1ng. The total transit t1 will be the um of 

the transit times along the length ot tbe tube and 1e ret>• 

re ented bJ equation (4). 

(4) 

With the 1<1 o.t eQuation (3) and (4) the tran it 

time for th 6291 phototub can be calculated u 1ng the 

s ddle voltage d1atr1bution 1nd1cat d 1n f1 re 11 tor an 

anode to cathode voltage ot 2000 volta. and u ing one-halt 

the voltag d1atr1but!on values o,f figure 11 tor an anode 

to cathode voltag ot 1000 volta. 

The r ults ot this calculation y1 l<S a tr n lt time 

of 30 nano eoonds tor the 1000 volt d1str1button. and 22 
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nanoseconds for tbe 2000 volt d1 tr1but1on. These values 

are approximately ono~half the m aaurod values of 67 nano­

seconds at 1000 volts a.nd 40 nanoseconds at 2000 volts. 

The o lculat1ona would be expected to be less than 

· tbe eaaured values, for instantaneous secondary em1as1on 

1a assumed, as well as the tact that tbe chos n path 1a 

greatlJ ta al1z d by 1ta straight line distances. or 
gre t interest ia the fact that the calculated transit 

time is 1n the same order of magn1tud a the measured 

alue. However, the measured values of transit time re 

more accurate than the calculated values or transit ttme. 

Exact Relation for Tran.ait Time 

The exact relationship tor the transit t1 bas been 

r1goroual7 .•orked out (14, p . 16-21 and 16, p . 185-20'7), 

~d on;Y the assumptions and results will be presented 

here . 

The equations consider an electron 1n the 1th gap of 

a · ' mult1pl1er pbototu.be, having left an arbitrarily shaped 

dynade aurtaee with zero velocity, aftd being ecelerated 

~ an. arbitrary electrostatic ti ld toward another dynode 

at a potential ore positive by an amount V1. en along 

lta trajectory Z1, it baa reached a poe1t1on which 1s at 

potential V(z) with respaot to the pr ceding dynode, ita 

velocity can be written: 

1 2 
~ mv :;; e V(z) (5) 

http:pbototu.be
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(6) 

( '7) 

If we assume that the apatial pote t1al distribution 

between dynode and the resultant trajectory, are depen­

ent or.ly on the geometry and not on the etual v lue of 

v1, of the voltage between dynodes, we o n get another 

relation: 

{8) 

let 

Jz1 
~·· i z (9) 

then 

(10) 

Here the ft(z) is the voltage d1atr1but1on function 

along the trajeotor,. z1. It is now neeeasary to take the 

aum of a number of such aecelerat1one ( eoond r7 mission 

1a again oona1dered !nat ntaneou.a) assuming that the divid­

er intatna oonatant ratios on 11 electrodes: 

Vt = Bt V (11) 

B1 is th ratio of the olt ge across the 1th g p to 

the overall voltage, and these ~'a are conatanta and 

therefore independent of the overall voltage. 
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(12) 

let 

(l!) 

then 

(14) 

Equation (14) 1a m1al adin ly simple, but when the 

valu ot " " 1a taken 1nto cona1derat1on the complexity 

of th problem 1a app r nt. It is evident t hat, even tor 

t he aimpleat of geometries, the At coeff icient are 1mpoa­

s1bl t~ calculate other than by numerical ethode. 

The author ha made no attempt to evaluate the value 

for the tran 1t t 1me t the exact etbod pura d in t his 

a ct1on. I believe that 1t add s little to the transit 

time m asure ent picture, except to mke it quite pparent 

why s laboratory method would generally be preferred. 

It would appe r that the tran 1t tim expression for 

' A', aa given by equation (13), could be ~1m1zed . To do 

t his would require t hat the r t1o ot the voltage across the 

1th gap to the overall volt ge be as large as possible.-
Also, 1t 1a de 1rable that the value ot the voltag distri­

bution function along the tr jectory z1 be auch t hat the 

1nt egr 1 along tbe path would ke ' A' very e 11. 
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CO CLUSION• 

In order to aoeur tely measure transit ttme 1n ult1­

pl1er phototubea, it 1a neeessaJ7 to have a tast rise time 

11 t pulse source, an accurate t1 reference, and an en­

v1ronment which will not introduce atr y lgnala into the 

phototub&. 

(1) 'l'be transit ttme varies as the inverse square 
root of the anode to cathode volt ge. 

(2) Tbe transit time varies with the point on tbe 
photocathode where the light is incident. The 
center of the photocflt ode gives the shortest 
tran 1t time. 

(3) The transit t1 e 1a a minimum when a saddle 
voltage d1atr1bUt1on 1a used . 

(4} The fluor 1 prov.ea the transit time eaaurement 
by acting as a wavelengt h shifter and thus 
givtng a taster ria time to the input pulse . 

(5) 'l'h transit time appears to be predictable. tor 
the various g&o etrlea .fall into group1ns s a s a 
function or the inverse square root of the volt­
a e, so that a tube with a known geometry would 
have 1ts transit t1 e predict d for a given 
voltage., 

Tb.e approximat·o caloulated transit time is i n clo•e 

reement w.1th the measured value,. bow ver. the latter are 

more accurate. A rigorous the tical approach can give 

a ctual1tat1ve picture on dea1gn1ng a phototube t:or a 1n1­

mum transit tt e. 

Other tao:tors influencing the 'Values of transit t1 ea 

are controlled by the ethoda aaed !n perfo?ming the as­

ure enta. Tbeae 1ncludef 
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( l) It aome value other than the 50 percent point on 
the output pulse 1a uaed tor the time of occur­
renee, either a longer or aborter transit time 
will be obtatned. 

(2) saturated output current gives shorter trans­
it time than an unsaturat d output current. 

(3) he transit time can be easured directly otf the 
sco~e or it can be ea ured on a comparator or 
with a rker signal. The latter m thods give 
more accurate reaulta. 

It become a apparent that when large transit time a are 

prohibitive, oare should be taken in ohoostng the apeo1t1o 

multiplier pbototube to use. It 1t is desired to have the 

gain a maximum and the trana1t t1 e a m1ntmum, the squirrel 

cage atructurea would be the oboloe. 

• 
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LIOB'l' FEEDBA EFFECT 

ne ot the more important aepects of th1a th sis does 

not relat directly to the easurement of transit ttme, 

but rather to a pheno enon wh1oh was observed 1n the pur­

suit ot the jor objective. Th1a 1s ph nomenon which 

has be n a en by other obaerv rs end bas b en given the 

name "light feed ck etteot". Th light feedback effect 

1a actually ot a great deal ot 1ntereat because 1t 1s the 

phenomenon beh1nd an unwanted ettect known a the after­

pulse. 

After-Pulse Phenomenon 

The t1ret indication ot the light teedbeck effect waa 

noted when using the 6810 mult1pli r phototube near ita 

regeneration voltage. The top trace in t1gure Al on page 

3? ahow the atter-pulae as ob erv d. The bottom trace 

shows the output after the divider voltage ha been re­

duced, ao that the operation ia no longer near the regen­

eration point. In1t1all'J, the bypotbeaie can be made that 

the atter-pula 1 created by light being generated in the 

anode region o! the tube. The nod 11 t travels back to 

the photocathode, eaua1ng the e 1as1on or photoelectrons 

which travel through tbe tube, and appear a a a eeond 

1gnal pulae of d creased amplitude at the anode. The 

11ght goea fro the anode r gton to th cathode re ton 1n 

a traction or a nanosecond. 'therefore, the after-pulse 1s 
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Figure Al 

Tube Type 6810 

Horizontal 50 mus / cm 

TOP: After-pulse in 6810 at 2800 
volts divider voltage.

II 

BOTTOM: No aft'er-pulse in 6810 at 
2400 volts divider volta~e. 
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d1splaced trom Jth primary pul e bf n arly tb transit 
•' 

t1m of th tube~ Referring back to t1gur 5 on page 12, 

the tran 1t time tor the 6010 at a divider voltage of 2800 

olt 1 approx ~tely 35 nanoseconds. The top trace of 

f 1 Al hows that th aft r-pu ee 1a displaced from the 

pri ry pulse b! pprox1mately 35 nanoseconds. Th1 would 

tend to verify the initial hypoth a1a that the light 1e 

g nerated 1n the anode region of the tube. 
' System to Detect . L1s!'lt at Anode 

To ke certain tbat light feedback was the actual 

pbeno enon taktn place 1n tbe anod region, two teats 

were performed: 

(1) A taint glow in the anode region or the 6810 

phototube waa photographed ('7, p. 3) uaing , 

olaro1d 3000-apeed tilm wit an f 4.7 a per ture 

and a time exposure of five 1nutea. 

{2) A 1pl1er phototube (a 93l•A s1deeecond mult . ­

w1nc:low type becauae ot the ease of mounting 1n 

the dark enclosure and ita high gain character­

1at1ca) waa uaed to detect and display the re• 

eulta on another oaeilloscope. 

A block d1 gram of the aecond ayatem, uatn the 931-A 

as a detector 1a shown in 1'1gure A2 on page 39 . U the 

11ght do • · or1 1nat at the anode region, 1t would take a 

path equal electr1oally to the tranalt time of the 6810, 

the trana1t time of the 931- , the pulse output cable 
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delay to the oacilloacope, and leaa the time rker cable 

delay to the oacilloacope. Again from 1'1. e 5, the 6810 

has a transit t e of 40 nanoseconds at 2000 olt ; fl re 

a on page 19 ahowa that the 931-A bas a 14 n noaecond 

delay at 2000 olta for d1etr1but1on 2. 

Th oomput d d lay between the t1 e marker and the 

output a1gn 1 1s 113.8 nanoee-oenda. The aela7 between the 

time rker and the output aignal aa eaaured rrom a photo~ 

grapb on a comparator was 115.5 nanoseconds. Theae reaulta 

are 1n clo enough correl t1on to 4 note that the light 

feedback a1gnal 1s actually emitted tn tb anode r glo • 

en the 931-.A waA varied alon the length of the 5810~ 

the only d t otabl 1 al •• read on the output ot the 

931-A was that fro the anoC!e ~eg1on or th 6810 phototube. 

F1g\U"e 3 on page 41 ahowa the output a!. al trom the 

{)31- Ji phototube when 1t 1a mounted over the anode or the 

6810 . Fisure A4 on page 41 ahowa the aetual phyetoal 

arran ement which was ueed in determining the light teed• 

baok effect. To make certain that so e or the light r.-o 
the light pulaer was not oo 1ng directly to the 931-A 

phototube, the 6810'a high voltage waa remo'Y d. When th1a 

waa done, no output was obtained fro the 931-A which veri• 

tied that ther was definitely a light being generated tn 

the anode reg1on of the 6810. F1gur A:5 shows the 931-A 

output tor two different divider olt ges on the 6810~ 
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Figure A3. Light feedback 
Signal at Anode of 6810 PMT 

TOP: Anode-Cathode 2400 ~· 
Horizontal 50 mus/cm 
Vertical 4 volts/em 

BOTTOM: Anode-Cathode 
2800 v. 

Horizontal 50 mus/cm 
Vertical 4 volts/em 

Figure A4. Physical Relation Between 68 10 
and 931-A for Detection of Light Feedback 

Top tube is the 931-A. 
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and 1 ~&di tel - ~get that ral t1on betw en the gen ­

erated light and the divider voltag ean be found. 

node L1ght v r1at1on w1th Divider Voltage 

Fy using the 931-A pbototube a a d tector,, the light 

s1 1 a the ano or th 10 aa observed s the anode­

to-cathode olt~ge on the 6010 aa varied. Pi e A5 on 

p ge 4~ ehow that the light 1nten it 1n the anode region 

of the 6810 val'*tes 11ne rly with the applied voltage. 

oat phctotubee have the light generated tn the anode r ­

gion, 'but anod atructur uch the squirrel cage, 

shield d squirrel ca e, and the box structure are o CC'n­

atructed that the anod · 11gbt cannot be ted b ck to the 

cathod ,, The 10 has a line r dynode at1"1lcture so that 

it ie very easy tor light to go directly b ok to th 

photocathode. If a given tube dlapla7s the reed-back 

phenomenon, it should be •orked below th r generation 

voltage, for tb tlrat atter-pulae can be a a 1f1cant 

percent o~ th pr1 ry pulae aa 1· demon trated in figure 

Al. 

The 1ntena1ty of the light gener ted 1n the anode 

region 1a nearly proportional to tb current 1n the multi.,. 

pl1er phototube. 5 veral ett eta probably oause the light 

to be generatea in the anode r gion . Among the po sibl 

eau ea 1'6 ionization ot r s1dual gasea. the tluoreacenc 

of the mica supports, the tluoreacence of the glass 

envelope, or some comb1nat1on of all ot the e. Th1.a 
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expl nation would also account, 1n part, tor muoh 

a ller feedba ck s1 al 1n squirrel c g structures, 

where there re no m1e supports nd wher the electron 

path cannot reach tho glass envelop ~ 

Li ght feedback could be an extremely d1etur'b1ng 

effect 1n certain pplicatio.n, uch a wher yo~ would 

want to ua the pulse width, or where you are 1ntegr t!ng 

the output pulse to yield spec1t1c 1n1"orms.t1on. The ad­

vera etf eta which this phenomenon s geat a r com· 

pletely avoid ble 1t the tube is not u ed near the regen­

er ation voltage. 'fhls volt ge can be below or bove the 

rated oltage or the tube, tor the voltage where reg n­

erat1on occurs depe~ds a great Oe 1 upon the divider 

network diatr1but1on. 




