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California. The views and opinions of authors expressed herein do not necessarily state or
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. Lawrence Rad1at10n Laboratory
' University of California =

. Berkeley, Cahforma

August 30, 1961

ABSTRACT

Accurate t1m1ng s1gnals have been der1ved frorn fast photomult1pher

~ pulses bv d1f£erent1at1ng the photomultiplier pulse in order to produce a zero-

‘ --”;.Vero:s‘sing .signal whoee time of zero crossing is fixed over a large dynamic range
' v‘of hght level..' Detection of the Zero-cros sing point is accomplished with a
'Vbal'anced bridge tunnel-diode discrimina.tor,~ which produces a standardized out-
- put pulse of 100 mv amphtude nd a half-width of 4 nsec. A balanced bridge

- is used to- prevent the zero-crossing 31gna1 from appear1ng at the output

For a twenty -to-one range of photomultlpher-lnput light level, the
t1me Shlft of the output pulse may be as low as 0.5 nsec with a change in the out-

put amphtude of less than a factor of two., When this discriminator is used with

a 14- stage photomu1t1p11er, the sensitivity is great enough to allow dlrect

]

The above numbers are an indication of what one can obtain with the .’

'tunnel diode and transxstor combination chosen at the time of the original develop—

‘ment almost two years ago, Since that time, particularly in the tunnel-diode

fleld numerous 1mproved dev1ces have become available, We are currently

evaluating these in zero-,cro_ssmg circuits,
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The zero-crossing photomultlpher pulse has been generated in two

' Ways.‘ The first method uses an overdamped LC—tuned circuit built into the
_base of a 6810~A photomultlpher. Here the time of zero crossing is controlled
- by the frequency of the LC-tuned circuit, The decay time of the scintiliation. ﬁ'

'plastic-used and the rise time of the photomultiplier determine what this zero-

cross1ng time should be. A chpplng stub has also been used to produce the

. zero cross1ng remotely from the photomul’uphe“ . By this method, one can
. control the zerq-crossnmg time by both the length and impedance of the clipping

‘stub.
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THE PROBLEM
As.the ‘need for better timing resqution of nuclear experiments

__increasels, the ol'd hrohlem of extracting the best hossible timing information
.- from. the nuclear scmtﬂlatlons becomes mcreasmgly 1mportant The problem'
. is cornphca.ted by the statlstmal nature of both the scmt111at10n plastic and the
photomu1t1p11er as well as the large dynem1c range of scintillation light en-
| countered and’ the slow 1‘183 txme of the photomulhpher output pulses. The
_ best one can hOpe to do W1th an electromc C1rcu1t is to extract all the timing
‘mformatmn contamed in the output pulse of the photomultiplier, and supply
_th1s mformatwn in a useful form to other circuits with no dead time-.

- For t1m1ng application, a useful form for this output'pulse might be
a d1g1te1 type of pulse havmg the same shape and amphtude regardless of the
' ‘photorvnulhpher pulse amphtude, for thlS at once relaxes the large dynamic

range requirements of subsequent electronics.

GENERAL THEORY OF OPERATION
One attempts to extract the best timing information possible from
' _ithe photomulhpher pulse by using a la.rge portion of the pulse. It is not |
deszrable to use the whole pulse, because the tail of the pulse is distorted by
the photomu1t1p11er nor is 1t desu'able to use only the first electron arriving .

. at the anode, since th1s ignores the t1m1ng information contamed in the rest
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of thé pulse. By using a zero-crossing method, one can use a large portion

of the photomultiplier pulse while igrzloring its tail, thus exﬁfacting a large
amount of the available timing inforrﬁation. | Unciér conditions invvolving a

. weak scintillation light, how.eve;r,i the dominant problem is’ s‘_gill photomultiplier.
and scintillation statistics..

A zero-crossing pulse that has a reasonably fixed crossing time
maybe produced by differentiating the photomultiplier pulse w1th a time constant_
con51stent with the photomu’tlpller rise tlme and scintillation plastic decaytime.
-Both a chpplng -stub method and a crltacally-damped, LC tank-circuit method
| have been us ed for this dlfferentla‘glon. With the clipping-stub method, the
point. of Zer‘o lcros'sing is controlled by both the length ahd impedance of the
clipping stub. Inlthe LC tank method, the zero-crossing point is controlled by .
the resona*rt frequency of the tank c1rcu1t | .

A tu;mel-diode discriminator has beez;t used to detelct the time of zero
crossihg. This circuiﬁ consists of a balanced bridge with a tunnelbdiode in one
ileg of the.-bridge.: The tunnel diode regenerateé at the point of zero crossing,
producing an output at the phantom ground point of the bridge. Because the
timing informati;n‘ of the phc;tomﬁltiplier is contained in the 1eading‘ edge of the
tunnevl-diOde signal, this signal is differentiated, and the back sWing clipped
off, . The resulting output pu].se‘ contains the timiﬁg information of the original

photomultiplier pulse without its large amplitude variation.

- CIRCUIT EVALUATION
There are essentially two circuit problems to resolve here. The
first is to find a suitable means of producing a zero-crossing signal from the
photomultipliell‘ pulse; the second, to find a circuit for deteéting this zero

crossing.
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T\innel diodes are quite suitable for detection because they have

o fast 'switching times, can tolerate large signals in either direction without
~'damage or ,hy'ster‘,esis,' and exhibit good stabilit'y'of their characteristic, If the

"i*tunnel diode. exhxblts ‘hysteresis-~that is, if the forward characteristic depends

pon how hard the d1ode is dr1ven in the backward d1reCt10n--the present cir-

'-"cu1ts will be much 1ess effective; -Fortunately,~ however, the regeneratlon
o ’-threshold is not detecta.bly affected by the backward pulse which first appears »

" in a zero-crossing circuit.

 The simplest circuit is a shunt tunnel diode driven directly by the

sOurce. ' Unfo'rtuna'tel‘y,'when operated over a large dynamic range of input |

amphtude the output also has a. large amphtude variation. This is because the

B positive- res1stance and 1nductance of the tunnel diode are not zero and thus
allow feedthrough of the driving pulse; Th1s feedthrough may be reduced by

‘differentiating the output of the tunnel diode in cases where the switching time

of the tunnel diode is fast.in relation to‘the rise time of the photomultiplier,

but at present this rlse time difference is not great enough to give a sultable

'_"reductmn in feedthrough - The sen51t1v1ty of this shunt circuit may be improved

v by the addition of an impedance-matching transformer between the driving

feedthrough problem ‘may be reduced considerably by employing a balanced

and the bridge is ‘adjusted to balance out the positive resistance of the tunnel
dlode. If a signal is taken from the phantom ground p01nt of the bridge there
- will be an output Only when the tunnel diode’ regenerates over its nonllnear

" characteristic..

y

e TUNED LC ZERO GROSSING ON 6810-A BASE

A spemal tunnel d1ode dlscrlmmatorz’,3 has been bu1lt into a socket

{

. source and tunnel, diode, . (This has been referred to as the Fitch circuit). The"

'brldge arrangement in wh1ch the tunnel diode is placed in one leg of the brldge,

o " NENVEIOREOR SRR TS R TS St o i o B

HRAR UL e
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;structure for a 6810-A photomultiplier in order to obtain highest discriminator

- sensitivity (i. e., lowest photomultiplier gain and noise) while avoiding the prob-

®
%

lem of multipl_e reflections encountered when a tunnel diode and photomultiplier :
,afe connected.vtogetherj by a long tx_'a.nsx_ni_ssion line (Fig. 1). The discriminator -
- consists of a ‘bal‘ar.xced bridge with a tunnel diode in one leg of the bridge. A
photomulti_plier. pulse is applied to the bricige’ through a .s lightly o;\rerdamp‘ed

. 80-Mc LC circuit and fires the dis_criminator at the first point of zero—<rossing

of the damped signal, The 'resonant‘frequen‘cyvof the L.C »zero—crossing circuit
‘was chosen to be compatlble .\Nlth the rise time of the photomultlpher and the
v-b,decay time of the sc1nt111at1_oh plastlc comb1nat1on, : T;me definition of the

~original phoforﬁultipl'ier.pulse“‘is maintained to better then .1/;_ nsec over a 20

~tol dynamic r.ange by th'e- discriminator outhut pﬁlse. _The input charge sen-

' :.s1t1v1ty can be made as low as 4p.p.coulom'bs thatis, 2.5X 10 electrons. In

, g;_vterms of the 6810~ A ga1n this means that the over -all photomultlpher discri-

- minator. sensitivity is more than sufficient to allow operation from single photo-_
electr'ons. at the vca’cho_de of the photomultipli'er. The output pulse of the dis-
. criminator varies in amplitude .hy about t‘;NO to one when the discriminator is
“operated over its useful dynamic range of twenty to one. The unit-to-unit
'ampli;t;ude. ranges fromv40 to 160 mv without selection of funnel diodes and tran- \
sistors., . This variation may be reduced considerably' by selection. Threshold
etability ;‘eferred to the '"'tube signal" output (Fig. l)k_is 240 pv/oC without
co‘mpen_slati‘on. e,nd rhay be reduced to 10 HV/?C. over a temperature range of -3 .
to 35_°C., | o | |
Though the unit was designed specifically fo1f a 6810-A photo-
'l-multiplier, the‘ 7264, 7265, CL-1090, CL-1019,¥ a_nc_l the CLi-1004 types also
vplu_g.directly into the socket. For vnoncrit'ical applications,’ s‘ocketvstare inter -~
changeable however,; to olbf ain the best timing or collection eff_icienc‘y, one ’

must adJust the focus electrode voltage .,
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Threshold'adjustment for t'he'di;s’crirhiﬁetor is remotely located.

.Two 51gnals are ava1lable from the unit on separate 125-ohm cables: the |
'dlscr1m1nator output 51gnal and a zero- cross1ng "tube s1gnal" (Fig. 1). The

© latter is pro.portional to the’ charge delivered to the photomultiplier anode and

has an amplitude of about 10% of the direct anOde'pulse‘when delivered into

125 ohrhs' im'peclance‘. " This pulse rrla‘y be fed to pulse-height-analyzing equip-

' ment or uSed for ‘monitoring.

The d1scr1m1nator is mounted d1rectly behind the tube socket on'a

"circular pr1nted 01rcu1t board supported by a brass rod that connects the
. ‘socket to the rear base plate (see F1gs. ‘2 and 3). Two similar printed-circuit
 boards d1rect1y beh1nd the d1scr1m1nator contam the h1gh ~-voltage divider re-

sisto'rs which are - wired to the socket by means of two ribbon Teflon-insulated

cables, Slnce the whole socket assembly is remoVable from‘-the rear, one

‘need not unsolder the signal and h1gh VQltage connectmns when removmg the
-'socket from its hou51ng. ‘An exper1mental housing has been made wh1ch con-

"s1sts of a spun aluminum shell and end’ cap. These two houS1ngs are shown in -

CFigo4

OPERATION CHARACTERISTICS

A _ty'p'ica.l slewing characteristic of the circuit is shown in Fig. 5;

'the "slewing characteristic" of _aﬂtrig"gerv circuit' is the time shift of the output
" pulse as a function of the input pulse amplitude. The eharaéteristie is U-shaped, -

- with the dlscnrmnator tr1gger1ng late for very" small and very large photo-

mult1pl1er sugnals ‘the cutve be1ng essent1ally flat in the center, - For small
photomultlpller s1gnals there is slewing until the pulse is about thi‘ee times as
large as threshold " At that po1nt ‘time 'shifts becorne small (i.e., small but

flmte, since the c1rcu1t 1s b1ased not at zero, but slightly away from zero)
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for: increasing .photomultiplierr.signals until space-charge saturation of the
photomultiplier starts setting in.. When this occurs, the-pulse shape of the

photomultiplier ‘begins changing, forcing the discriminator to fire late. In

' .. order to'forestall this effect; a tapered high—voltage.divider is used which

places hlgher voltages across the later sections of the photomult1p11er thus

' :'allow1ng h1gher current levels before sPace charge saturation sets in.

Figure 6 shows the amplitude hnearlty of the Zero- cross1ng "'tube smnal” as

‘. a functlon of the numoer of photoelectrons from the cathode for photomult1pl1er

5. v3><106 and 3x10 ",

ga1ns of. 3)(10
| Once one states the m1n1mum threshold at Wthh the d1scr1m1nator
-, may be set, the maximum p0551ble dynamm range may be 1nterpreted as the
bhnear reg1on between threshold and saturat1on The minimum d1vscr1m1nator |
threshold is. about 5 mv of peak :zero-crossing "tube s1gna1” thus establishing
 the maximum dynam1c range of about one-hundred to one. Since the saturation
. portron of these curves is fixed by the charactenstm of the photomultiplier,
~the Edynamr_cv r‘ange can only: be extended_;by lowering the discriminator thres— »
hold. There alre ,tw_o facto'rs_that limit this threshold. The first is.the prob-
lem of regeheration; | If the discrimihator'threshold is lowered, eventually a |
rel-axation'oscillation occurs at an equivalent vthresh'old of a few millivolts,
Thrs minimum threshold is determined by the circuit assoc1ated with the
tunnel diode, and the amplitude of.the tunnel-diode signal. That is, the tunnel
large

_dlode hav1ng/ voltage swings (galhum arsemde) will go into relaxation oscilla-

tion at a higher threshold, than a diode hav1ng lowe.r voltage swings (germanium),

1

_because the larger. signal forces oscillation sooner, Thus, since the germanium

tunnel dlode has the smaller swing. 1t w1ll have a larger dynamic range. - The use
~of galhum arsen1de has been dlscouraged also by its reported long-term insta-

‘bility, - .

ton
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The second factor that 11m1ts the threshold is the worsening of the

: «-’.1n1t1al sleng charactenstlcs (F1g 5) as the threshold is lowered, i.e., the

slope of. the slewmg charactenstms near threshold becomes less as the thresl}-

. old is lowered Th1s is due to the response of the ‘discriminator to overdrive

‘signal in excess of threshold For example, 1f the dlscr1m1nator threshold is

' 10 mv, then a 51gnal of 20 mv represents a factor-of-two overdr1ve or 10-mv

.overdriving 51gnal. However, if the threshold is set at 20 mv, then a factor

| of two of overdrive represents 20 mv - of overdriving signal. Thus the effective
"overdr1v1ng S1gnal becomes greater as the discriminator threshold is made

- _less sens1t1ve, resultmg in the better slewing characterlstlc near threshold.

For very 1arge photomult1pl1er s1gnals (100 times threshold), the -

. 'output pulse of the discriminator. will grow about. 200% over 1ts threshold

value for a br1dge unbalance of 2% This is shown in" Fig. 5 along with the

: lewing char'acter1st1cs. Recovery time of the discriminator is of the order

of 25 nsec, and under the most favorable cond1t1ons of a small pulse followed

‘by a large pulse, the unit will accept pulses 10 nsec apart. As the amplitude

. of the second pulSe is mcreased, the recovery delay decreases, because the

second pulse beglns to overpower the ba.ck sw1ng of the f1rst pulse. The

delayed f1r1ng action of the zero- crossing circuit allows a small initial pulse

, to be completely overpowered by a larger second pulse if the second pulse

' _arrwes 10 to 15 nsec after the first pulse. This results .in the second pulse

producmg an output wh1le the first pulse produces no output

. A typical discriminator output—pulse waveshape is shown in Fig.f 7.

This puls'e' has a ti‘langul_ar. shape with a base width of 9 nsec. .
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The zero—crossing “tube signal" may be used to monitor the oper-

' at1on of the photomu1t1p11er, since th1s 51gna1 1s proportmnal to the peak

-ansde current.' F1gure 8 shows waveshapes of the tube 51gnal over a range of ot
: amplltudes. A test signal may be 1n3ected at th1s p01nt to set the chscr1m1nator
, v
A threshold to any desired peak anode current level /
‘ .GENERALIZED TUNED LC ZERO—CROSSING DESCRIPTION
| ,'.Th? response of the tuned LC zerof'crossirig network to an applied
pulse '_i(t) is - o _
- vit) = (t)Z S o I Y
here 1(t) is the dr1v1ng function and Z is the network funct1on. For an
' 1dea11zed zero-cr0551ng detector, the zero—cross;ng time, t . is defined by
. V(tz).= O, . . ’ ' G ‘o (2)
';.Th{xs a,f: the point of zero crossing, Eq. 1 reduces to
0=t 2 e
Once Qe have the input“fAuhetior.l i‘(t),-' We can find t, from Eq. 3. This hes
been done in Append1x A under the 1dea11zed condition of i(t) being a generalized
' 'cr1angular current pulse
o - 1(t),=_K1.t - (K1+,Kz)(t'-t-a) p.(t-,ta.)., I ‘ (4)
In this latt'er_expfessien, t'a‘is' the tirhe of the peak of the input .'triangular m
pulse, Kl is the 'slo;'pe of the initial portion of the input pulse, and -K2 is -

the slope of the trailing portion of thejinpﬁf pulsé, Theunit jump function is

p(t-ta)g where

e e st e EI— S e e T}
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. Such a solution is shown in Fig. 19 of Appendix A, and is useful in predicting
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o plet) = 0) 0 <tgt
A - > (5)
= I tas t.
“The 'responsve of the zero-crossing circuit to this input is
e IS P Lo et o

.t

* In this expression tz~ and t, have been.normalized with respect to the frequency

' of the zero-crossing circuit:"

. tz
t, == (7)
' N LG
B L
Equation (6) applies for
t, <..tz < ta(-R-z— +,1). | . (9)

Ny Applymg the zero- crossing condition to Eq. (6), we have animplicit expression

t-
for t containing two independent variables (t and K /K ). Thus we can plot

{ !

o the solut1on for tz as a series of constant tz curves on the (t , K /K ) plane.

1

| t1m1ng shifts with changes in pulse shape.” As the frequency of the zero-crossing

circuit is varied, t, moves along constant KI/K contours on th1s plot.

If for the sensitivity of the circuit, we take the rate of change of cur-

" rent. in the load conductance G at the zero-crossing point, we have from Eq.

' (A21) of Appendix A,

A% BARS Vs T

P e C R fet e St et Ay o e 42 5 MR YA ISRt
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@) 4. o0 K y
GY'z' _ T . -t ' ! U 1 N .
T~ \ ¢ =@ [t - (1+I+<Z‘)(tz-ta)ea:]. (10)
: 2(*1 3}

| g t! |

Here the only new term is Q,,, the total charge contained in the input pulse.

. T’
- Evaluating this expression for a triangular pulse of 5-nsec, rise, 10-nsec fall,
 and a total charge of 1 ppcoul, we have for an 80-Mc tank frequéncy (in

pa/nsec),

S~ 17, | v I | k-(ll)

We may now use this expression to estimate the t1m1ng uncertainty due to
~ tunnel- diode no1se The noise current of a 1N2941 tunnel diode with 5-ma’
- peak current is of the order of 2 pa, and thus there will be a timing uncer-
tainty of about 120 psec due to tunnel -diode noise for an 1nput charge of 1

pp.coul

e w4 g oA o = Sy b Ty e
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' GIRGUIT DESCRIPTION

»Photo"rnultiplier-'signal' current flows through the two ‘series pri-

pmary wmdmgs (P and P of F1g 1) of 'transf‘orm:er T, (see ‘Ap'vpendix B). 4

. Two wmdmgs are used to allow placement of ac ground at a favorable point

bbetWeen the anode and. D14 Placement is determmed by capacity measure-
'.ments between electrodes as 1nd1cated by the dotted\lmes in Fig. 1. As can
be seen from the 1ntere1ectrode capac1tance d1str1but10n, .ground should- be

_apprommately one third along the prmnary from D14 to the anode.

The shunt mductance of the transformer plus the capamty appearing

. between the anode and D14 forms an 80-Mc tuned'circuit wh_ich is overdamped
by 275 ohms to produced the zero- crossmg pulse The resonant frequency of
“this tuned C1rcu1t is chosen by conmdermg the rise time of the photomult1pl1er

and the decay t1me of the scmtlllatmn plast1c used

The Zero- crossmg pulse appears as-a push -pull S1gnal on secondary

S of T Th1s secondary S1 along W1th the tunnel diode CRl and the two

o1

' selected res;.stors R4 and RlZ form a br1dge wh1ch is balanced to about 2%

‘when the tunnel d1ode is b1ased a few m1ll1volts below the regenerative point.

The serxes mductance L and L2 in the transformer 1eads buffers the tunnel

dmde from the tuned cxrcu1t, since energy flow from the regeneratmg tunnel .

’ .d1ode to the tuned cxrcmt and back agam may cause a second regeneratmn

ot

‘Res1stors R1 and R are of low value to perrrut the tunnel d1ode only one

stable state. W1th a suff1c1ently large photomu1t1p11er signal; the tunnel d1ode

regenerates, causmg a p091t1ve s1gna1 to appear at the output of the br1dge

_ The pulse W1dth is dependent upon the photornultxpher s1gnal amphtude, and

exammatmn shows the front edge of th1s pulse to be t1me stable In order to

remove the W1dth varia,tmn5 and ut111ze the front edge, the s1gnal is d1ffer-

.entzated by a 50-#.}1.:{ capac1tor C and the mput 1mpedance of the 2N1143 |

I S Bl ot
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grohrided—basé transistor amplifier. ..Because the transistor is biased v;/ith

'..a. low ‘s'tandin:g Curr.ent (0.,1" rh_a), only the positive .portion_ of the differentiated

pu'l.s.e is -passed. The tran“sistor output is available on a 125-ohm coaxial line
'whose,c,etiter ,corxductoralso serves to carry bias current to the tunnel diode.
Threshold va.dj.ustme'nt is thtxs made remotely from the photo_rr)ultiplier.

: - A zero-crossing monitor stgnal is taken from the transformer _
'secovndary S.Z. ahd is available on a 125-0hm line:. Since the secondary S2
has an ihput i_rnpeda.n(':e _ot about 30 ohrﬁs,. the lQO-ohm series resistor R3
reverse-terminates the monitor line. ‘Di‘rect—cur'retit power for the transistor

: is._ taken from the phbo‘totube high-voltage supply.

MECHANICAL DESIGN |
‘Because the 6810-A tube base :is designed to have the tuhnei-diode
‘ discriminator as.an integ.ralbart of the base,> it has been necessary to design
the .whole socket structure.f. The di.scrimina'tor is mounted as close to the
,_socket as p0531b1e on a cn'cular prmted circuit board (F1gs 2 and 3) ,. and the
high- voltage res1st1ve d1v1der is placed behmd the d1scr1mmator wafer ’.]l.“he
' f~h1gh voltage divider 1‘-65151201‘5 are h’lounted 1r1 a doughnut fashmn between two
c1rcu1ar prmted C1rcu1t boards, eyelets bemg used in the prmted c1rc.urt
| boards for protectlon agamst repeated soldermg | Deposited carbon resistors
have been use_d in some dividers because of their good stability. 6 These
r‘es}istors‘are now fairly ine'x;v)ensviVe.

. The prmted C1rcu1t boards are held together by .means of a brass
'rod wh1ch is secured to the socket with a glass-——Epoxy disk (F1gs 2 and 3).
The spacing between boards is controlled with msulatmg tubes placed over the
brass rod, and the ent1re assembly is held together in corrrpres sion with a nut

'at the end of the rod (see F1g 3) The base plate contammg all the cable

e AR e B R T A
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connectors is secured fo the énd of ‘the rod, fotming a‘r'ig?id mechanical
| structu're.

It is‘possibvle t6 ‘disassémble the base and add or remove the dis-
_cr"i'rninator circuit board without unsoldering the high-voltage divider. A
| complete base subassembly (Fig. 4) maty be rerhoved from its housing, thus
_ellowihg ‘easy replacemeut under field conditions. |

fhe high-voltage dividef. resistors are connected to the socket with
two Teflon msulated ribbon ca.bles 7 These ribbon cables are placed on op-
posite. sxdes of the printed- -circuit boards, W1th one cable picking up all con-
nections ‘from the lower printed-circmt board and the second cable all connec-
_tions from the upper _printed-c'ircuit board. It has been possible to arrange
.the :\vire’e in each cable so that there is a nearly uniform voltage gradient
: acr\oss the ca.bles, thus reducmg the d1e1ectr1c stress from wire to wire.
| The tube base may be mounted in a standard UCLRL 6810 housmg
__or an exper1rnenta1 housmg which consists of a spun aluminum shell (see

‘ Fig.' 4 ). Spmnmg offers an inexpensive method of producmg the housmg and

‘has the advantage of a circular end plate, thus removing the problem of keying

the socket to both the phototube as well as the housing. The socket is secured.

" to the housmg Wlth latches accessible from the rear, thus making possible

nremoval of the socket when the s1des of the housing are inaccessible.

CLIPPING STUB ZERO CROSSING CIRCUIT
d_ The circuit shown in Fig.9 differs from the prev1ous one onlyr in
" that the zero-crossing s‘ignal is produced by means of a cl1ppmg stub rather
than an overdamped LC tank c1rcu1t The other maJor d1fference is that thev' ‘-
dxsctxmmator and photomultxpher are connected thrOugh a transm1ss1on line

as Opposed to bemg built dzrectly‘ on the base of the photomu1t1p11er
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Signal flow in the .clippin’g stub is represented in Fig. 10... The
input mf(t), where m is an amplitude constant, is split into two paths--the
~direct path and a delayedvpath having gain A and delay 7. .These _tw\o functions T

are then added to produce the output z(t), where

"'z(t)=mf.(t)_+.Am.f(t-T).'. | : o o (12)

For an idealized zero-crossing detector, the time of zero crossing is defined

" as

'z(tZ-): 0. o » L o _ | .(13) |
At the point of zero crossing, Eq. (12) redices to
0= mi(t) + Amf(t, = T). T | (14)
The input amplitude m drops out, leaving
f(tz.)=,--Af(t.z -T) o | o o (15)
It is now applarent (Fig,"’ 11)that the zero-crossing time tZ is determined by
only two point_s of the 'original fuhction f; thus e.stablishing tz as the time
‘when the ratio of these two points, f(tz)and f(tz- T) is a specifi.ed constant,

namely A, Solutions for the zero-crossing time for a generalized triangular

input are shown in Appendix A. For these triangular input pulses, t and

(tz - 7) may be placed anywhere along the‘ofiginal pulse by suitable choices -
of A and 7. | ‘ o o | ' ' h
The sen51t1v1ty of cllpp1ng -gtub circuit has been found in Appendix ‘

A for the case in which the 1nput is a trlangular pulse and the clipping stub is

placed at the photomultiplier. Under these cond1t10ns the rate of change of
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current in the load at the zero-—crOsslng time t . is ;.

di (t)) 20 / RN([ SR '
Lz ., T (a-AHh+«&. (16)
dt K K P S
. 2, 21\ i\
DI O I |
L a Kz. .

_ 'For a triangular input pulse having a 5-nsec r1se, 10-nsec :fall (that is

1/K = 2); a total charge QT of 1 uucoul and crltlcal damplng (that 1s

A= -1 W1th no nmltxple reﬂectllo‘ns‘ in th.e clipping stub), we have :

_%_éiz_)_ = 20 pa/nsec.. o . - ,‘ : (1.7)
-For the chpplng -stub mremt there are certam restr1ct1ons on A,

~ but uot on: T, For the chppmg arrangement used to date (Fig:- 12) A may be

- expressedas - . o

A= ‘\7’1\1 o o (18a)
| | P .
and ' '
A= - — lz' S I ', (18b)
| T % | |
z T

o .

_-where V 1s the 1nverted and delayed pulse, and VP is the directly trans-—

‘m1tted pulse in F1g 12. The over- -all gam of the cl1pp1ng arrangement is

v e
s .1 Zo,%c oo
Tz ZO.

If we take the limit of these last two expressmns as the cl1pp1ng ~stub 1mpedance

7~ approaches zero, we have

C i
lim A—- <2 _ , | »
Zomw = 0 o o N ) (20)
Cond ol . L v o e
V . . | I

ZC-* O
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In this limit the over-all gain goes to zero as ‘A approaches its minimum

valse of minus two. As there must be a useable over-all gain, ZC must be

finite; consequently we have |
[a] < 2. - (22)

Figure 12 is a graphical representation of Eq. (18) and (19) and may be used
to cémpare A with the over-all _gai'n as a function of ZC'

For the values of. A and 7 used to date, the zero-crossing time

t, has been later than the.peak of the original photomultiplier pulse. We observe

that the later is t, the more severe is the time slewing in the early region

of photomultiplier saturation, This effect is due to the change in photo-

multiplier puise shape and may be réduced slightly by adjusting A and T to

make t  come closer to the peak of the photomultipiier pulse,

OPERATING CHARACTERISTICS
The slewing characteristic for a clipping-stub circuit and 7045

photomultiplier is shown in Fig. 13 and is very similar to the tuned circuit

and 6810-A photomultiplier slewing characteristic in Fig. 5. The significant

difference is in the region of large light levels, where the photomultiplier is

'entering space-charge saturation. At this point, the time shifts are greater

for the tuned .LC circuit than the clipping-stub circuit. This is due in part

to the earlier zerc crossing obtained with the clipping-stub circu“it and in part
to the different photomul;ciplier and divider tapers used. The output pulse

has an amplitude variation of 40% when operated over its useful dynamic range.

Threshold stability has been obtained over a 2-month period on 956

of these units. These data indicate an instability of about 10% (17 mv} over

this period and are shown in Fig. 14. Figure 14 shows the change (a) during

the first month and (b} during two months.

e e e e e e ev——— vyt - - ety S AL M E Y A TN I e T

-~
3]

7
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The un(‘ompensated temperature coeff1c1ent of th1s unit is ~0.1
? pimv/ C F1gure 15 shows ‘100 of these units mounted in a large nuclear
,expe‘rim’ent, Fxgure 16 shows a s1ng1e~channel circuit built into a plug-in

box.

COMPARISON OF ZERO-(?;ROSSING METHODS_'
| The magor difference between these two zero-crossing methods is
‘ the relatlon of the zZero- cro‘ss1ng pulse to the or1g1nal photomu1t1p11er pulse.
“The chpplng stub 51mply compares two points on the photomu1t1pl1er pulse,
".‘ the only smoothlng be1ng the finite bandwidth of the tunnel d1ode and its
‘ a‘s‘sociated bridge circuit. W1th the tuned .LC 101rcu1t the bandwidth of the
citcuit i-sbintentienallj'rlpwer_ed;‘thus there is more smoothing of the original
7__photomu1t1p11er pulse.
~ The sen51t1v1ty of the tuned—LC and clipping-stub circuits are nearly
‘ " identical, hOWeVer the tuned LC circuit may use the stray capacny of the
: photorhultiplier ‘as an integral part of its circuit, thus affording some improve-~
'm'e‘nt'in sensitivity. Aiso, s“ince the tuvned-LC‘ctrcuit inductance is built on a
’Fer.roxplan.a core, the necessary trans\foz;mation to the tunnel-diode impedance
level is obta1ned simply by additional windings on the same core, On the other
| hand the chpplng stub presents lno d1rect means of 1mpedance transformatmn.
| I eithe‘r zero-crossing network is located remotely from the photo—

multiplier by a',‘transrhtssion line, there 1s a ioss of sensitivity of a factor of
. two due to the reverse term1nat1on of the transm1551en line. In this case it is

not poss1b1e to use the stray capac1ty of the photomult1p11er as part of the -

tuned LC circuit,
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OPERATING HISTORY .
Over 90 of the tuned LC units have been built and successfully
operated invarious counting experiments duri.ng, the past three months.

. Seventy-five units were operated in a single experivment with a high degree

- of reliability. 'Lon'g—term threshold stabiiity has been measured on 100 of

the clipping-stub models while _Oper‘ating in a nuclear experiment and was
within .10% over a Z4month'pe'ridd. - Since the té.une LC discriminator circuit
»_’fisv éssen;tially the same," the thresﬁold s‘tability should be similar to that of
the clipping'-'stﬁb unit, The éffect of large, stray, pulsed magnetic fields

near the Bevétron has.been observed to produce a 1% change in threshold.
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. APPENDIXES

A, Zero-O‘rossiﬁg Analysis for an Idealizedv‘I‘ri‘angulér Current Pulse Input.

1. 'I‘uned LC zero- crossmg analysis’

The 1nput 1mpedance of the tuned LC network (Flg 17) in terms of

" the Laplace transformation is -

Zg= S P (A1)
8% LC + SLG + 1 | |
F1gure 18 shows the trlangular pulse that will be used For the
-range of time from zero to t [(K /K ) + 1] " the expressmn for thlS pulse
is

1(t) = Klvt--' (Kl J}‘Kz)l (t - ta) pit - ta), . o ' (A2)

' Whére' K. is the slope in the first interval (ts‘ta), ——_ K‘2 is the sldpe.in the

1

- second interval (ta<:t‘\<' ta[(Kl/Kz)'+ 1], t  is the time of the peak of the

) pulse', ‘and puft - té)ﬂ is the unit step func'ti_on‘ translated in time 'a.nd defined as

Copft-t)) =0 for 0Lttt ‘ , o
e a ' a .. _ - (A3)
= 1 for ta<t. ' o

,.‘_.'I"‘h_g_ Laplac'e transform of Eq. (A2) is

K, K, +K, S | | .
1(8) = — - 252 e %, - (a4)
: 5 5 ' : ~
The irolta,ge:across the LC tank in térms of the Laplace:itransform is
v =y ze (A5

;o
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)

'Subsfituting Eq. (Al) and (A4) i;ito {A5) gives

(B Bty s __ sL »
Ve S N A e a 2 S e (A6)
L (S) A\s“ s S S°LC + SLG + 1 - :

. For the case of critical damping being considered here, we have

- where,

z, = N L/c L o S \ (A8)

Applying the critical-damping conditio_n to Eq. (A6) gives
| /Kl K\ vK ots S ’
Viey= [— - ——= e a2 | —2— . (A9)

. (S) g2 g2 G(s+ 1 .2

’ ,_vKu'ati.on. f.(A9) may now be transformed back into the time domain':

| . ;V‘(t)‘_= L {K.l [1-(1ftv'_)'e"t,'] '-(.YK1_+K2)[1—_(1+€ -t;‘) ¢'(t'fta' ‘p(tfta): ,

~

where

gt o= ' , . ._ o B o (All)

s - | - (Al2)

and

o<ts t (K /K,)+ 1], o . (A13)
The time of zero-crossing is defined by

| V(th)E 0. . o ' o . (Al4)

(Al10)
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Under this condition Eq. (Al0) becomes

0= 1 ~(1+t}) 2 - (1+ K, /K [1-(14t,- ) e (s "t )] (A15)

for t <t < ta[(Kl/Kz) + 1], As there are only two independent variables

Ay

in Eq. (Al5), we can plot a family of curves with constant t‘z on the (Kl/Kz’ta'x)
plane, This is show_n_i'r_l Fig. 19. |
" To find the sensitivity, we evaluate the derivative of Eq. (10) at the

zero-crossing time t_:

oz - "t|n1 » . 1 ' t A
- ‘ZOKI e z{tzA - (1+_K2/K1)(tZ - ta) e a , (Al()‘)
~for ta< t, < t, [ (Kl/Kz)_+ 1] .
I we consider the load to consist of the critical damping conductance G, then
_we may rewrite Eq (Al16) in terms of the current in the load conductance
diGlt, ) of : ¢ -
= , [ 3 o ¢! :
g =K e At - (1+ KZ/,KI)‘(tz tl)ea (A17)
for t < t'z. < ta[ (KI/KZ) +17. ‘.
The constant Kl.is related to the total input charge QT and is found by

vintegrati:ng the triangular ihput, Eq. (A2):

W -
Qp= | e | (A18)
COREE , _

e merapeea - teoes amian e mprey e b A e g @Syt o
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Rearranging, we have
- 2Qp o .
K = —— . | o (A20)
. "'?a(.lle/sz)'-_-m ' C o

 Substituting Eq. (A20) into "(A17) gives ' | 3 . S

v _-t' I. L . t'/\ .
etz - (14 K, /K, )(t" - t')ea} . (A21)
t, %(1+ K, /K,) "= 2’717z a

‘ ‘diG(tz) . 4QT
dt -

for t, <t s _ta[ (KI/KZ) +1] .
- Liet us evaluate this for a pulse with a 5-nsec rise, 10-nsec fall, a total

- charge of 1 ppcoul, and an 80-Mc tank frequency: -

-12

QT = 10 coul
oty = 5% 10”7 sec
B)/Kpz
‘ NLC = 2><10_'9 sec
£ =25
t!' =47 [From Fig.190r Eq. (Al5)] "

Putting these numbers into Eq. (22) gives

diG(t) T
-———a—t-—z-—- = 17 p.a/nsec. ' - . , ‘ © o (A22)

RS

It is instructive to compare this with thé noise curfent of é_tunnel diodé in-
ordér to estirﬁate the timing uncertainty., For a germanium tunnel diode

with 5-ma peak current, the noise current is of the order of 1 or ‘2 pa; thus
the tirﬁing uncertainty for this 1 ppcoul of input cha‘rg':e is on the order of a

100 psec,
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2. Clipping-Stub Zefo-Crossing 'A‘nalysis
| g We'consider.here the same idealized triangular pulse as was used
. in Eq (A2), as showfx in Fig, 20, When we apply this pulse to the clipping-
stub Eq‘.' ‘:(12).,' and apply the zero-crossing condition, Egq. (13) we have
0 = _Kl,tz ~.,(K1_ + Kz) (tz - ta.) p(tz - ta)
+ A {Kl(tZ - 'r}) “p, (.tz"r)“(K1+Kz)[tz"(ta+7)] p[fzz-(ta+ -r)]} , ”
' (A23)

St Sty [ (Kl/KZ) +1]. As we are dealing with discontinuous

~where .7
functions it is necessary to consider each continuous region separately:
~a. The first solution is for the interval 7 < tz {ta, .

Solving Eq. (A23) for this region gives

2 »,'(Az4)

. t _ AT
‘ 1+A°
‘where A<-1. Since the zero-crossing occurs before the peak of the input,
this is the special case of the input being a ramp function.

b. The next solution is for the interval 7< t o<t < ta’+ T or

zZ

t 1< tz\< t o+ Aga‘inrsolvin‘g Eq. (A23), we have

‘a
AT ﬁ -t -I-{—I +1
‘ K2 al\K

. - 2 a o - (A25)

- ¢, The last interval is ta+ T< tz'\< t [(Kl/KZ-} 1)]. From Eq. (A23)
we have

- 5 » A L -
tz"‘vta (Kl/-K; +‘1)f oA T S (A26)

N
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- The solutions for tZ are funcfions \«vof_lfouxj i“n.dep.ende“n.t ‘cqnstants;,t_herefc_)re
we mus._t;fix one and nqrnialize_ with respect to another in order to plot constant
: tz‘_ curves : Tlﬁ_ese- c_qnstqnﬁ .tz soiutions_-are shown in Fig. 21 for a fixed

A of -.1.28; ‘the value.ﬁsed for,the; cgllippingastt‘i_b circuit to date. Time is
normalized with respect to T, the tofal delay of the.‘ é-lipping sfub; thus we

. have .

~and £,

e Tokfind'the maximﬁm sensitivity of the clipping-stub circuit, we
‘place the'v__clipping stub at the pho‘to:multiplier,' Thus we have the circuit of

 Fig. 22. The current in the load R is

Wher‘e" B ]
A= T e L (A30)

1+ =

L

The pa'rtial derivative of Eq. (A29) is

ai (t) :
L7 _ai(t) A :
ot = o (M » o (A31)

‘The derivative -9i(t)/ 8t of the input is

= K, A-K,, = - f | (A32)

where the zero -crossing is after the peak ta< T tz\<.ta[ (KI/KZ) + 1] or

T <t Lt §taiﬂﬁ/K2)+lL'



t

-35-

UCRL-9838

’ 'Combining Egs. . (A31) and (A32) .givés ‘

i)
at

1

clipping stub) we have A =

K
K

O

BiL(t) i
at -

T

w—t—

t
a

[\

Promm——
-

Pt

3 =v.’ (K. A - KZ) (1+2

- 1. Substituting K

For the case of critical damping (tha"t is, for no reflections in the

1 from Eq. (A20) gives

(A34)

Evaluating Eq. (A34) for a pulse with a _5-_nsé¢ rise, 10-nsec fall, and a total

éharge of 1 ppcoul, we have (in p.a/ns‘ec)v

sim 20
ot :

3. Comparison of sensitivity

(A35),

- It is possible to compare the sensitivities of the tuned-LC and

clipping~stub circuits by taking the ratio of Eqs.. (A_Zl) and (A34):

8iG(t)’

pd Tt
R aiLZt)
BT
. 'tl.
_ -t ! Z !
D‘- 4e 'z Kz - (tz

(A36)

~t')eta ~ L (A37)

a

- This D ratio is plotted in Fig. 23. Here we see that for smalll,Kl/K2 (that is,

for pulses with fall times comparaﬁle with their rise time) the tuned LC circuit

is slightly more sensitive, while for large KI/KZ (that is, pulses with rélative

- long tails) the clipping-stub. circuit is slightly more sensitive.
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B. Transformer Tl'

The ferrite-cored transformer designed for direct phototube

' -’mouﬁting of the tunnell—dibde’vdi,scri'minator 1s shpv_vn iﬁ Fig.‘24_. It is
mounted at the phoéotﬁbe solc_két, The zero-crossing pﬁlse i-s produced by

the parallel combinafioﬁ of the. _ph"ototube‘ output capa_c}tances, >th‘e transformer,

- shunt inductance, and damping resistors.

Construction
’ACOHSQ_} . .; S : . - -
Red = . N\ . Q.- Blue -
5 turde o CB\ g,\_____._/)_ . 1 turn center-tapped
. (\) D (o Green _
: N .,
Orange - i :
Orange - ————  White
- ,=,______./ . S 1 turn
Core: - Ferroxcube Corporation of America .
2P64-237 1722 - : :
- Wire lengths: Red 4-1/4 in. ,
: ' Orange  2-1/4in.| No. 22 Teflon-insulated wire
 Blue 3-1/8 in. _—
Green 3-1/8 in.

White.  3-3/4 in. . No. 30 Teflon-insulated wire
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Tektronix LC-meter measurements

Other windings

. Inductance {nh) . o v ~ Open " . . shorted

~Primary (red and orange iﬁ'ﬁsezjies):_‘ ‘ 720 N - 250
 Center-tapped secondary: - L _4 150 S 100

(series inductance in each
of blue and green leads

" is 35 nh)

' White-wire secondary: 100 30 |

- Capacitance (pf) =~
) | Ked/orange c. _ Blue/gr'een'
ot o '
ANV
C, \O N ©3
White
C, = ;.9 ”

' _CJ2 = 1.9 ) core floating. i
]
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C. Testing Notes
, The following points should be borne in mind when building and
tes_t'ing the diécrimina._t'o'r.
1. As p01nted out earlier in the pa.per the la.rger the tunnel diode

output the h1gher the d1scr1m1nator threshold must be set to avoid a relaxatmn

'oscillation. Since there is a range of output amplitudes among, tunnel diodes,

even of the same type number, they must be selected for low output if a sen-
sitive diScriminator is desired. ' The first indication of the threshold being
set too low for a partlcular tunnel diode shows up in the discriminator's double-

pu151ng at a high input- s1gnal level,

i

2, Improper selection of the br1dge resistors R and R (Fig. 1)
causes feedthrough This appears as a step on the discriminator signal and

may or may not be tolerable, depending of course on its size with respect to

‘the tunnel-diode signal and the circuit fhat is to follow the discriminator,

3. Transformer (T ) (Flg. 1) must be would rather carefully to

aV01d damaglng the Teflon 1nsu1at1on. The techmques are described by the

author in UCLRL 'Eng;neering Note EE 784 dated May 16, 1961,

T

1
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FOOTNOTES

This work was done under the auspices of the U. S. Atomic Energy

' Commission,

1. Yahia El Hakim, A Preliminary Investigation of the System Time Spread !
' for Some Types of Multiplier Phototubes, Lawrence Radlatmn Laboratory .

Report UCRL 9200 May 11, 1960‘

2. Pro'ceedmgs of an International Conference on Instrumentation for o

| .'H1gh Energy Physics, Berkeley, September 1960, (Interscience Pub- - S a
lzshers, New York, 1961). | o a -
3Q A Kerns, A, E BJerke, and T A, Nunamaker, Tunnel -Diode D1s--
criminator C1rcu1t, UCLRL Countmg Group Note, September 7 1960, -
| ,(unpublxshed) _ v .
4 Q A, Kerns, A. E BJerke, and B. E. Clark Tunnel D1ode Br1dge |
Transforrner Type B, UCLRL Engmeermg Note EE-784, May 16, 1961,
| 5.‘,l- -One can take advantage of thxs width varxahon to obtam amphtude
1nformat1on by measuring the W1dth of the direct turmel diode pulse; i.e., o W
- the un1t is an mherent amphtude-to-hme converter. A part1cular am- - R
| 't':phtude may be found by formmg a delayed .coincidence :between’ the pOSltlve
| 'avncl negatwetdlffere.ntlated'ipuls es: '.fr‘orn‘thfe"dls<c:4r.im-inator.
6; LT 'Lavrischeff_a‘n.d S; Spataro, Evaluation of Deposited Carbon | )
lRes1stors, Lawrence Radratxon Laboratory Report UCID-~ 961 December ‘
_l 10 1959; J. T, Lavrxscheff Stock Proposal, Deposited Carbon Resistors,.
| Lawrence Rad1at1on Laboratory Report UCID- 962 December 11, 19 59>
7 - These Multi- Tet r1bbon cables are made of No 22 ~copper wire msulated

I3

with 15- m11 Teflon byW L Gore and Assocrates, Inc y Newark Del,
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FIGURE LEGENDS

Fig.,>v‘1,;, Tuned LC circuit diagram,
~ Fig. 2. ~'--P'arts for."681'0-ﬁt"socke:t '
| Fig. 3. The 6810 A socket assembly
Fig, 4. The 6810 A assembled hous1ngs
Fig.b 5. Slewing character1st1c of tuned LC c1rcu1t W1th 6810 A photo-_
mu1t1pher., - :
F%ig'. " 6 ASJ gnal llneattlt}.t
»]l.*“ig : 7 B Output signal of ZNI 143
Fig. 8.-‘ Zero- crosslng 51gnals of 6810 A‘
Fig. 9 C11p;p1ng stub circuit dlagram h
Flg le‘..i-',.'Chpplng stub s1gnal flow, -
Flg ]l IfArbltrary chpp1ng stub 1nput function,
Flg _1:2... l:Effect of cllpplng stub 1mpedance on zerio cross1n.g s1gna1
bFi.g. 13 ;vﬁ:SleW1ng characterlstlc of chpplng stub circuit with 7046 photo-
o '- utuitlpller | | ' | | | | '~ |
.F.‘i:g, .‘:14 Stablhty data for chpp‘1ng stub circuit. (a) Thr esholdlchanges over
one- month per1od (b) Threshold changes over tv&to month perlod
Fig. 15, VInstallatlon of 100 chbpmé stub circuits in a nucleer.exlpenment
F1g 16. Chpplng-stub c1rcu1t bu11t as a plug in umt
Fig. 17.4 ' Equlvalent c1rcu1t of tuned LC zero-crossing network.
- Fig. 18, (,jrener_ahzed trlangulat 1nbut current pulse. | |
AFig.,b 19 Zer‘o—crossing' time f‘or tuned LC c.i:rcuit,:
F1g 20, ‘Generallzed trlangular‘ 1nbut current I.nulses to chpplng stub circuit,
I;:“ig;' 21, Zero crosmng time for c11pp1ng stub circuit.
Fig. 22.

Chpplng-stub placed at base of photomultlphen
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. 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

B. 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 report.

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.





