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;r· . 

J er~me A. Rosenthal and Marcel Fiehre:Jft, · ·· 

. Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

May 19, 1964 

.!ABSTRACT 

When usin~ a photomultiplier to .scan photographs< of> bubble .chamber 

tracks or other dark signals on a light background, the output signal one 

. obtains depends strongly on the inten;ity of the background. In this paper 

we describe and analyze an automatic -gain-control cir~uit that helps to 

remove this dependency. , . The circuit is both simple and transistorized. 

Furthermore, it can adjust its gain withinmi.croseconds to a large-i~crease 

in light backgr~>Und .. 
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INTRODUCT,ION 

This paper describes a technique for automatically adj~sting the. gain 'o( ·> 
~ l ' • ~; • ~ 

·a: photomultiplier (PM) tube a·s a function of background-light level. The 
• f ~. • .. 

method described involves generating a voltage related to background-light: 
. , , 

leveLand applying this voltage to the. last dynode of the tube through a 

··negative-feedback circuit. When a PM tube is used to monitor dark lines on 

light background, the following advantages are gained: 

a. The amplitude of the output signal tends ~o depend ol}ly on the opacity of 

the line and not on variations inlight background or PM supply voftage. 

b. The circuit tends to establish a fixed de reference for light background 

as well as for absolute dark. 
I 
!I 

These advantages are demonstrated in Fig. 1, which shows some scan~; 
I 

of hydrogen bubble chamber film {black bubble tracks on a light background). · 

Parts (a) and (b) of Fig. 1 were take!?- without automatic gain control (AGC), 

whereas parts (c) and (d) were taken with AGC. The ~ight level for the 

lower traces was 1/20 of that for the upper traces •. The circuit that performed 

this gain centro~ is discussed below. 

PRINCIPLES OF OPERATION 

·The PM tube used in these studies was an RCA 6199. Figure 2 shows 

.""\;. 

i. 

·. · output anode current as a function of light :ill.ux·at.r. the photocathode for such a ··· 

. · . :,.. 

, ' 

.. ~ . . , 
,if· 

tube. In this figure, last-dynode to anode voltage is the running parameter and .. 

• the slope of each curve represents the PM-tube gain for that particular dynode 

voltage •. The voltages on th7 other dynodes were set by a standard resistor ·.·· · 
. ' . . ' ' 

string.·· Figure 3 shows the gain of the PM tube as a function of dynode voltag~. · 

Most of the gain' control occurs \\lith thedy~ode. voltage ?etween +1.~25 and· -3. 
· . .':· ': . . • •. r- . . . -."~· " 

', _;·_, 

volts :with respect to the anode. '•, ' ~'I • 

~, , ' . 

·' 

·,·,,. 
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I~ order to use these chara:ctetistic s 'we;co-~st~ucted ~~e drc\:dt 
. ' ·, .. · . . fi '!· . .·' 

_which i~ shown in block .diagram for.~ in Fig. 5. · The inpuetrarisistor of this'{;'Y.\.,_ ,;_,, ~A;•!; 

' . circuit has a low input irilpedance so th.at the. dynod.e -to :ano~e vol ~ge can b; :;:~~~~l 
.. set independent of anode current. Res~~tor R 1 adJusts the loop ga1n.q.nd :ItZ ;:·:;~:~:_:':'~:;fi::?~~:. t: 

. . . . . .; . . . ·~ '>j ·~~· .. > ,' 1
'' <;:!~ :~ -~;.:·.-~.:?.:·~-~~~fJ.-1; 

and R 3 ·set the de level. Capacitor c 2, resistor R4 , and transistor T 2 ,.;, . t}~~~-;~ft~! 

::::i::l: ::::::i::~:~o~::d~:;::::g;:~:~::·:::::::r~:~k~;w~:ar~e: .·'. ~:Jfl:~l~ 
increasing light background. However~ when the signal tends ne:g,ativelY,{aidatrk }_:J·~';))::\: 

· ·· · .· . . · ·. ; : _., : __ \_ 'i.:.,:t~ (W: 
.~--signal) the base-e~~tter.junction ~£ ·~2 _reverse biases and C stores a voltage•~\·'.:';, ,, .. , 

. ·. ::~:::::oo;~;h~o::;:::::·~i::.~• .. :::::::i;::l~::v:~:o;:: ::r:'l!~i~~~ 
'negative (increasing _the gain) through R4' until the. 'Qase -emltter JUnc:tlon,o£. ;;·:·<' ~:-:::.;~::\_,:(: 

:~_T z be~~zhes· forwar~ _biased onc~·-~ore. '_:,In summa~y, -~he;·act~o~ of t~e 
detector is: . ' '' ,_, 

: .~ 

. a.· In.. response to. inc rea sing 'light, . to. change th_e gait:l of the 
' .J ·:. . • ~ : .. ~ 

•, 

•.', 
.~ .... 

b~ · In response-to decreasi:O.g light, 
. ' ·.· _.·.·. 

··-. slowly;· The<·object here is to have·the gain not change 
·. ~ ' . . 

track signals are distorted ·and yet have itchange· 'quickly enoughi:to follow the·.::·~~''\(:'··~~:;:.;,;~;~.-

:~;:::::::~::~:::th::~::;::::::::a:::.~· :sii~t:m-:~~a~:~·~~~;::~,!itf~1~li~~ 
.. __ ;-: ": ·· .· The output of the peak detector is emitter -followed in order to provide a:.J: ·. 'i ·<:~;_7' 

. , . .··•···· ,lo~. im~~~::: ::::::t ::i:e th::~::: is . v0 '(Fig. • 4), performance Ca~ :P~·~·~r,~~~.:?~ 
.·_ .. _··.: ·-.;~ .. -·; . " .. : ... · ., . . .-.~· '·.-··. . . . ··: ··: . ·' ·'· .. ;" ::- __ :·f·--:}-~~;~~~:t'-.'·~:_:::.~ 
., ... ·',·:,,..'.further improved~by taking th:e difference. between that voltage and the dyriode:<·:~- . ,··. 1• 

\(, 

.-. 

·t. .· 

··,. 

:co~trol voltage. ·.This is.accomplished by t}J.e final dif~erential amplifier,.;_ 
' . ~. -· • . . • _,.: f . ••. : • .> .... : • . . 

·which further ih:eliminate~:.-ttba.seline variati(;n8'.;. The •-p~··rformanc~' ~-f thi's_··, 
--~~-:~~;~;. 

: .. ~. ~ . ~ 
~ '. :.._ 4. .• 
. .. ·~ - ' 

.. _ .. ·--t . , .· -.~- _ ... -'; ... ~-·-· I'- . 

.. ~ .: ' 'i . • ' .. 

···,;· 

. - .. ; ... 
• ~ .. < • 

,, )!-".!·· •.. 
·~. . . ' .... 

. "\ 

~:;. '• t ·.··'. 

•' 
•C" ~ t • •;:;. :. ·~: • 
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circuit is illustrctted in Fig. 1. Figure 1 (a) and (b) shows··;~e open-loop. 

output with a peclk -to -peak anode current' of 34 · JJ.A and 1.:. 7 ~~~ respectively, 

and a background current of 50 IJ.A and 2.5 1-1A• The closed•~oop output for the· 

. same light levels is shown in Fig. 1 (c) and (d). . ,._..,·. 

ANALYSIS OF THE CIRCUIT 
. ,· 

We used the model of Fig. 5 to help us analyze the circuit. Some of the 
I 

assumptions inherent in the model are:·.· 
. , . ·' . . (.. . t ~ . ... ·. 

a. There is a single dominant paler:, T 
1

, in the forward loop. 

b. .The diode in the. peak detector ~s an i4eal switch. .. .. 
. c. The PM-tube gain is linearly related to dynode voltage.· 

d. When the light flux equals zero, i 1 == 0; when the light flux increases,. iA 
'. '· pee orne~; .·nio·re. negative. 

I' •• 

In this model i
1 

corresponds to. the cur;rent of the last ~ynode, i
2

· to the 

anode current, y to· the multiplication·of the last dynode; and v
3 

is the ·. 1 

·.last-dynode voltage minus a constant •.. :rhe constant i~ due to the tu.be hav?-ng , ·. 
.. 

zero gain when the dynode voltage equal's. 1.25 V with ·res.pect to the anode •. ; · · 
. !" . ·. . ' • ~~·· . • • • . . • 

. . ' ' 

· Figure. 5 shows .that this circuit has two mode's ofoperatio~. When 

v0 > v 3 the circuit operat~s in a closed-loop mode, blJ.t w~en ·+3 :.-~?Yo the loop 
. ,: . ' . . . . . ~ 

· . is open~d~ · ' ' :. ··-· · 
. ~ .. 

.'· oJ,. 

.. ,· ,, ... ·; . '\. '. 
::' . . . , .., 

_ .Case 1, .~0 > v
3 .... ; ; ;; . 

' .We first conside,r the closed ... loop operatio~'<vri >·_v3)·~ · 
' f: . . ' . • . ~ . . ' . . . . ; . 

' , .. ·~ . 

< : ~ ,' • 

·. •' .. 

.... .. · 

,~·. 

,, 

t;f•' 

•, ,· . 

.'-';;.·· ' . 
' i 

··< 

' l,,, 

. '· ... 

:,,,' 
··. 

. ,, ... 

·, •, 

I,.,' 

'. 

• I ;,• 

. · .. ,• 

.' ··,,., 

. ;;./' ;_ 

.. · · · dv . · . ·1_.,. ·, 

··and 

. ' . . · T . ___Q_ + v + A i ··. = 0: · · ·, 
,. . ' 1 dt 0 .. 2- ·.·. ·.: , .. '.• . !,' .··.:. 

-~. ': ,'\ 

.. . ' 
•. 

. ,.; 

.. : 

,· ... 

. ''•' '. /} 
. ·, ~ ·. 

·' dv ·. ·. 
3 . . . . •' 

. T 2 . dt + v3 = a. v'o .;, j3E . 

1·. 

. __ ,.. 

·. 
'' . 

. '· 
•. 1 . \,·-~ .··:: 

(2) 



; ... 
.. ~ ·. UC"RL-~1-14~ro <-</~·,:1:~~: 

·' { . .• ..,. . •• ~~ • 1 • • ::t~~~ -~~/ ~--··. . -:'.,·~y:~ 

') 4 =. RDR~- R/ ' : =. R R~R • · an~ ~.Tz:~ :D l;~·~z;'.1t~~:(~;~~~f,~:~1lf~~t~ 
<'·~: - ·,'f · ... ··· .... p -...· \t.-.···~ ... _,;·•··-._ ... ·-"· ... D T , ·,·:;;_.·, . . ~·,_ .. ,.,., .. , ,~.,,, .,.,,,_,,'4,,·~-

,. · .. , .... The.' :ar~ation···:£ •. gain~wi th a;:od.e ··v~ltage i:·~~pr.eSSed\~Y,;~· .. · ...• :/ .. ;;_2;'.f{:<. '.~-,;}~~}~~ 
Y_ + Kv:

3
'-- a~~="·O:' · · · · · ' . ·{3). · :,· ;i; ~:: ~ 

·-4~ 

. .. ' •.•. :;,::;:~:'~;~j 
'\_' wher'e a is th'e maximum amount of multiplication occu:rripg at the last dynod~, }fl:);;~ 

. ••• · · ···· · .\ K is tile change in multiplication per voltage c~ang~·. on thf 1:•; ~~o~~/ ~:~:ls:r~f:;t~'!Ji'Jj 
• _the voltage· on the last dynode minus a constant,. and_ y 'Hsthe muitiplic~ti~rt 

. '. {. . . . . '. .. •. ~ . :··. . . ' ~ ··.. . : .~ 

,·: •• •• ' • • ~/o. .~ • " • • • ••• 

',;·:·· '.:.resulting from the' action of 'the. feedback ciirctl:it:.:: 
,;. . ,,;-- .·. . . ~ .. . . ·,, . . .· ·.. . ~:·"'4··~:~- .. · .. . ··>' . 

. ··With the aid of one more._expressi6n ·· 

,. ' ,_.-. 

, ... ·' 

,,.· ·. ·' -' ... ' 
.:.;.: 

;,. 

· ·we may write' the ·differential equati~n f6r this 
. ·:· ·. )' . 

'' . 
.... ',i .· .. : 

. ·'.-

· .. 
··'. .· .y : ·}( 5) ' ' .. ·,. 

. ;_ .. 
:\·:· . +=-vo 

:z ~i1 .. . ) 
,. ~ - - ·_a __ AK_ i 1._ · + aA_ i 1_ +_. AK_. j3E, 
·-~f .. dt . ' 

.-. . Q .•· . 

.. '· 

·',; 

' ·. 

.. 
-~ . ' 

+ .. 

: . ..: 

,. 

Since 'this expression contains the product ofthe input and output and theii-
...,; .. 

. ·.· 
·,:··derivatives, it cannotbe solved £6r a gene raJ. input. The solution for a spec~fi~A,' ·· 

. :'; input is difficult because of time •varying Coe~ficients that depetld o~~the inp~~>f~:,.:;i:J .?,: '· 
. : We have, therefore, 'simplified our!.analysis-bf the closed-loop operation by::~;-:~<-'<-:·· c.:-;_~v:.r 

I . • • . ' '· : ·."' ~'· '. : ""• 

analyzing only the response to a steady-state de input and by distussitig ~h~ ' 
( ' ' . ~ ' ~;::· !:';. , •. , 

:' 'qu<;~-litat~ve effects of the time 'c:?I1stants'." :·: .,·:._., . . ,.', ;: :_. 

.. ;· If·~_eassu:ne that ~9-·.,is ri1uch greater than' RD' andthat:o. ~: ~:::a~d,,-::2; · 

13 =:' 0/ artd .if we consider, the r.esponse~ to }·~te'ady:~stat~; ;dc'.:ip.p~t~ -~~'fin~ th~t-
•' ' ,:< I'<:: •\ ',:: '• ' .. ' '·--~ ~; .(''• .·. .. '. • •, • ( •; ;::;·· '.. ,;- . /,,: ·'~:.:~·+:/;:!,; ' /};:·;"·'):,, J ,-,. ' 

. . .... • ; l ~ : ;.;'. ~·· ;".· 

. ·~ ... ' ,{ - \ ~ ·. 

·:.~ ' 
. 'r, ~ .• 

.... · 
- '•.· 
·' 

' .. 
,-.~""f~·-~.-< ·~ 

· .. ·- • ,:l .. . ; ( .. ··:·:-.· .'~'· .. 

,· :..· ... . ··,~ ... ·,·,· < • 

.· ~- ; ' 
.·· ~ -~· 
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~ < 

; ~~ . 

~· .. i
1 

aA 

. · ... 

- - ----:~ . f>.o. t 
1 -i

1 
AK·. 

{6) 

Figure 6 shows v 
0 

as a function of i
1

A for a PM tut::?,e, that has ea = 4 . 

and K = 1 volt - 1. This figure show·s how well the circuit regulates the output 

current of the PM tube as a function of background.:.light level {i
1 

is pro­

por.~io.nal·to.;.l~gh;t\:fhJ;~.}. The percent de regulation is precisiely the same as the 
. I 

percent gain control. If we make· T 1 = T 2 = 0, then Fig. 6/ shows the time 

response to a negative ramp ( t~e i
1 

A axis being replaced by a time axis). 

We now discuss the qualitative effects of T 1 and T'2 not equaling~ zero •. 

If T 
2 

is not equal to zero and there is a negative step at the input, then a<: · 

. . . disturbance will appear at the output and _the gain adjustment will be delayed. 
I . 

'.':,After sever.~l time c·on.stants h~ve pas.sed, the : 

• I. 

output will decay to its proper value. If T 
1 

is riot equal to zero, the. effect i~ . 

output. ·.;:This output., however, is continually readjustirl;g the gain and the output 

will therefore be ~omething less than exponential. 
'I .. 

. ' I. 

.• 'f 
Case 2, ~v 3 > ':'o 

If " 3 . is greater than v 0, the loop is opene4. 
. . . ' .. . -~ -~~ ' . 
assumed that i1~·i_~· .. ~·dark-going {positive(:r·amp ... 

~ . 

and that v 
3 

is also a ramp 

the capacitor c2 ... 

'i . = h + gt 
1 .... 

v 3 = c.':. ... bt •. 

.. •;.,.· 
.. ~ ' 

~ -~~ ...... .__ ... _ ....... ~--· "--· 

_.:• 

., 

In analyzing this mode, we. 

.... ... 
.. · ;, 

.. 

~ ~ . 
\,\ 

,. 'f" . 
·~ ; ' 

(8) 

'::-<': 

;.· . 

·.··. 

. .. (· 

· .. 

. . -~· . 

. / 

.-; ·. 
l •. ·. 

' .. ·· 

.,· 
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... _ . .., 

: -~. -:· '.;•_ 

~ .. ' : ~ .... . -

-6~ 

·.:· 

J•'.f; .:.. 

. . > .T~i open~lo:,p~nmp ~~sp.on;e ( T 1 

. • ... ~-

~- < 
~.- . ' ' ,• ., 

Substitut:lng ( 7) and (sf in (9), we obtain : 
: . . . . 

;: .·. 

~· ' . · ... · 

'._,·, .. . 2 . . .· . . . . ' . . .· . . ,: 
v 0 = -AK bgt + t (AK {gc - bh)- aAg] + AKhc ~ aAh ... 

_i. \ ... 
. .• .•·'·. ~ 

' ~ .. 
Fr_om Eq. (_10), the open-loop response to ·a dark-:going r~mp\s.a. 

~-· ' :' 

. ; .. ~ ~ ' . : ' . 

of a parabola. ·.·' 

'· .;· · .. B~ differentiatingEq. {10) ~nd setting the d~rivative equai to·:~e;Oj .we' 
·- ' . . ~ - . . . ,· 

:·~1 ~;-·· 

. fin,d that the maximum of the parabola 'occurs at time. < t"•",/•' ....... , .. .:-. ··' .'. "\ 

( ~~:•~' I 

... ... ·-: ... ' 

. ....... '' 

. : .. 
·-~ 

a --:------.. - h 
~-.> ........ ij,~-~ .. . ·. 

t· max 2Kh (hKA -1) ' 2g ·.: 
. . . . .· . ' 

Since · h is a negative .number, t . · . wil( typica.I.ly be a negative 
. .· . max ·. . 

· ! ·provided that the slope of th~·· ramp is not too smalL We will see ~ater that ·f~t··· 
·.;:. :· • ~ -;~-:: • • . . : . ' ~ . . ' . . ' : . . • • . :· ·-'· • •. t 

· · .. ·.~ .,. ·.·small ~lopes· the loop will be clos'ed eve~ though the ramp is te~diJ?.g towar~l 

. dark. :F~r·a ·s~ffici.ently steep :ramp the' p~·rabol.a will ~pp.ea:r ~s in: tig.>:.f 
•. ·' .• • -~ •. . l'; ' - . . . ' . . • • . :-. : •· ~ . . •: ... 

. . ::.! . . ; · .. ·:.: 

the output .. will be equal to that .par.t of the parabola for which '.t~ o. ~., . 
. . · -·:·-;_- ~ .·l · .. · · ~- .=··· · .. __ ,.r· . ._-.. -... ~.~·-·. 
: .. :.. : . ) ·~... - . 

~: ~~ ne'gative t ·' ·.. Js;' the more linear will be the output .. • ·. . ."·•: 

. . :, . ·; : .; . m~, . L '< . . . ·. . . . . .. . . 

'< ..... /· .... • ' ~ T .;·~¥ . 

._ \ 

· ... : 
•w 

.• \• .. 

··,.,. 

-~ ·.~ -~-: -~ :;' . ... . .. 

. . ~ . ·-
. Conditions fot the Loop B~f.ng; Closed· 

,· 
..... '\ 

''·It is of interest to know for which class of 1nputs the loop is clc;>sed and 
· ..... ~~-i ~tr ~ 

·,~, ~ ,·",;· ·f~r which 'class it is ope~. 
-~ ', . . . . ' ' ' . 

Iri this discussio~ we consider a :ramp,input·o:nly .. and<. 
" .. . ~ •" 

'l_f~;·:we establish conditions for the-loop being-cfbsed as- a -function ()£1li~:.,~1op~~6f~~the. ~' ,. 
" ., .··· . . 

:,I ramp· and value· of the ramp at. t ::: 0. If the loop is. closed when the dark-going 

· ·: c :; /··ramp· begins; then the output voltage,· v 0 , will be negative going and will teJ:ldto; :· 

. c,,' 

·. ·~· .-~ make the )oop open: .. In contrast,.- the ramp generated by the -:E volt sou:t:ce ·· ...... 
~-

. :· ,.. . .',: ·\·:~p~ ra~ing throu~h- ·:ali wil'i~end:,to ke~p. the/~op c~o.se~ •. , -,~he~~~ .t~.e /,~o~. ~i:_l . 
. ~ .... :open'.o-r·s·tay·Glo~~d· depends-'upon·'wh~th~r 'th~·slope •. ·o; the :o~tp~t- parabola·-:;.··;}~: .... -· 

. . ." .~ •,. . ,-;< .. 
1

• • .:- ... ~- • ~ ,"# ·>ri.;·~·· · ... :.;~_',•··:.>· -~~-·. . .. : . "· i~~~~~· ~/ ,'~"·· ·· .... _" •. ~, ; ' .. 

. .. -~ ... · · . ; . ~···· :-v ; ·:!,t? -· "': • , -· . : ;- ; _ . , -
{. ~' . - .·.'. ~ ~~~ ~:.... ; /l·-~~- ·i -~ ·,. ··;;!_·~- ·,· 't ·,'... . .. -~· ' ..... ·' ~> ... ~." " ! •• ::.~.:·* ·. ·. 'i 
-i;·-·:.·. ' ' ' ' . ":;~ ·." .··-r. ;.... "· '• . ·.: -'!; .:· .-.·,f.··.-. . .... ·'. 

~~\- '7_i. ; :_, •.. 

.-.-~_ .•. ·.· 

.I ',:. 

·.' 
. ·-· ~. ; _._·._ ~ -~- -~ -
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(assuming the loop is opened) is less than the slope of the ramp generated by 
\ :. 

the -E volt supply, 

dv0 . · 

(-) = AK(gc - bh) - aAg <b. 
dt t=O . • 

( 12) ' 

Solving this equation, we find that the condition for the loop being opened· 

is 

b 
... ·aA. 

·This a parabola in the g..;h plane (Fig. 8}.. For p'ractical applications, when 

h > -1/ AK the loop will stay closed for ·de inputs and even for positive-going. 

ramps c;>f moderate slope~ 

! I. 
.I 

EXPERIMENTAL RESULTS. 

In order to see how well our theory agreed with practice we observed the 

regulation of i 2 .as a function of· i
1

• The experimental and caJculated [Eq. (6}] 

results are shown in Fig. 9. In these calculations we measured A= 2v/~ 
. . -1 . 

. and assumed K = 1 volt and a = 2.3. The results seem to support the theory~ 
I 

When we _made the dynode more than 1.25 volts positive >with respect to the 

anode, the anode current reversed phase .and the circuit, of course, failed to 

. function properly. We do not know the cau~e of this, but we speculate that 

perhaps' the anode becomes a se~ondary emittel'; .the' .elect.rons emitted from it' .. 
• • ' ~ • ' •• <• ~' ' ' I. ' '-: ...... 

go~~g to the last dynode. 1 __ . 

. ' ~· ;. . .... ;. ·~ . ' ... -~ .... 
·,,.: . . .. 

... . ".\ ..... ., ... ,.--'""' ,.. . ,._ ., .. ·. 

CONCLUSION. 

·'"~-.I.~ •• ,.,.~ .•. , ...... - •. • •';; • 

',' 

·r . ..-.1 ~._. ..... ; .. ··· r · ~ •• .. ;. ·,...,_ ~'-'"' .. ) '!'~ . 

We have described a simple method of controlling. the gain of a 

photomultiplier tube as a function of background-Ugh~ level. ·The method used 

is. much simpler than controlling the high-voltage supply and'this method does 
Aj/ •' 

... • 

. ··. 

.,'• 

., ..... 

., . 
. ' 

·, 

'. 

.. ;, 



.... 

.... 

' .\' . 

-~ ;: 

........ 
UCRL .. 11450 ;...-·· 

'•- •. 

-:.·', 

regUlate variations in both the PM..: supply voltage and light :packground~ \ 
. .~- . ' - . ~ . . 

"1:: ~ . ' . ,.. ·. ..: .• ' ' . ' 

'circuit also hi's the advantage of .being able to respond withi~; microseco'nds or' .. j 

•j' 

... le~s.to an increase.in l'ight input . 

·'' .. \. 

·.(~ '. 

We s~nsed the background-light level by using a peak detector with a 

·COntrolled rate of disch~rge. One could use a second photomultiplierto 

the background, ~ut this technique is not discussed or analyzed .. 

T~e regulati?n ofthe device is very effective for hig~ currents·in the.la'~t 
~ . . 

. dynode •.. The regulation remains good for lower currents, b~t fo.r quite -~·o~ 

···currents {typically 0.5 )J.A):. the·. regulation· be~o~-es poo~.:·:; The. h{gh.e~· the ibo}l:· ·. 
'• 

. ga~n, the better the regulation:~t lbw.currents. 
.. :· ... · . 

··' ... · · Wi~~- ~~~- b~c,~g~ou~~-~~n~.ing. te_ch~iq~e.~e.~cr.ibe~:\~ .this paper;· .. if i~.:.,·.11 . < . 

.. • . important that the, background. ya:dations haye frequency. ·c·omponents ·lower them: 

. ": '.' ~-~· . . ~. 

-. \ ~,- . - ·: ·t .. 
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FOOTNOTES 
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