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A FAST COUNTING SYSTEM
C FOR HIGH ENERGY PARTICLE MEASUREMENTS
Richard Ma_deyT

Radiation Laborafofy,' Déparfihent of Physics
Un1vers1ty of Cahforma Berkeley, Cahforma

October 1954

ABSTRACT

A fast coincidence cb’uhti"né system for high-ene_r.gy pa?ticle
_measufr.e;rnents ‘combines a scinfillation cour;tef pqlse-shg.ping circuit
and a crystal diode co»i‘nci:cllence' circuit. lTh.e' system is simpie and
reliable. . Both the resblufion time of the system and the double pulse
sveparatiqn time'of the indiVi’dua_l coxinte'rs c‘an be as short as three '
millimicroseco.nds,- with essentiaﬁ-ly one hundred percent detection .

efficiency. .

t

Now at Brookhaven Nationali Laboratory.
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A FAST COUNTING SYSTEM
FOR HIGH-ENERGY PARTICLE MEASUREMENTS .
Richard Madeyf

Radiation Taboratory; :Department of Physics -~
g , University of California, Berkeley, California

October 1954

I: INTRODUCTION

The finite time interval between the production and the detection
of a nuclear event may be used in various ways to discriminate-
against background. For example, experimental arrangements have
been set up to select particles of a definite velocity, Scint_illat-ion-
counter Velocity‘selectors usually consist of two scintillation’ phosphors
P11 <an‘d P 2, a piece of t’ransmission line, and a ‘-short-resolving;'tirnle"
coincidence circuit,v arranged as shown in Fig. 1. -Particles pro:'luced
in the target with velocity v ;re detected wben'the»particle ’flight.ti'me tf
between phosphors P 1l and P 2 is equal tothe P 1 pulsé-propagation
time tp for the particular length L of delay line u..sed° Di-fferent
velocities are selected by varying the length L of the delay line. For
a given coincidence-circuit resolution time ¥, goo‘d resolution in
particle velocityvv fe,_quires la‘.rge‘distances d; on the other hand, ,since.
the P 1 scintillation phosphor is usually quite close to the target, the
solid-angle factor causes the counting rate'to fall off essentially as the
inverse square of the disfance.d, Thus, such a veilocity’ selector is
most useful when there is a large flux of particles. For a given velocity
resolution, the spacing d between the phosphors can be decfeased as the

resolving time of the coincidence circuit is decreased.

The disadvantage of small solid angle that is encountered in the

usual application of the scintillation-counter velocity selector can be

T

Now at Brookhaven National Laboratory.
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overcome in scme applicaticns by taking advantage of the: kinematical
‘angular correlation properties of that class of two-body nuclear reactions
in which a .light and a heavy particle are produced in the final state. va
both final-state particles are detected .in coincidence, the kinematical
angular correlation properties for such processgs permit a velocity
measurement of the heavy particle without loss of the solid angle. The
rea‘ction_1 p+d —->Tr+ +t will be used to illustrate this point. For such
a two-body pfocess, thev‘ equations for the conservation of energy and
rﬁomentun’i can be solved to give the correlated angles and energies of
the re sulAfant particlés,_ These angles and energies are shown in Fig. 2
for a_bombé,rding proton energy of 340 Mev. A dominant feature of the
kinematical angular correlation curve is the fact that tritons aré counfined
' wiﬁhih a twelve;degree cone about the beam axis. For tﬁe r‘igh't half of
the angular correlation curve in Fig. 2, a 90 angular interval for tritons
in the center-of-mass system is compressed on the average into a 1°
interval in the laboratory system; in the same transformation, the pion
angular interval is changed only slightly. If the distance of the f;i'ton
detector from the target is nine times that of the pion detector, then '
triton and pion detectors of the same horizontal dimensions inll subtend
the same angular interval in the center-of-mass system. Even though
the triton detector is conéiderably farther from the target than the pion
detector, both de,‘tejct‘ors will be about the same perpendicular distan,cej'
from the beam axis; therefore, triton and pion detectors of roughly the
same vertical dimensions will intercept the same azimuthal angu_.lar'
i;ﬁlerva’l. Thu's', vt_he »splic{ angle determined by the pion detector at a
relatively small distaﬁce from the target is not reduced if the triton
detector is at a relatively large distance from the target. This large
distance of the triton detector from the target. perrﬁits a time-of-flight

meaSﬁrement of the triton velocity.
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II. PULSE SHAPING

- The “.‘dead " time in the scintillation counter external circuitry can
place limitations on the performance of thevelocity selector in the presence
of a large number of background particles. The dead time of the,_coenter is
defined here as the time that can elapse bet_weeﬁ'resi)onSes of the counter to

successive pulses., The origin of the dead time of a scintillation counter can

be visualized from an equivalent circuit representation of the counter. The

scintillation phosphor and photomultiplier combination is represented in
Fig. 3 as a pulse generator with an internal 1mpedance that is large compared
to the load impedance; furthermore, the mternal 1mpedance is allowed to be \
variable in order to represent different amounts of energy loss in the -
scintillation phosphor. If the RC time constant of the load impedance is
small compared to the decay time ef the A‘sci.ntillatof, then the voltage

pulse’at the output of the ,photoinullti-p]lier will decay in a time that is

charactemstlc of the material of the scintillator. The rise time of the

vo]ltage pulse at the output of the photomu)lhpher tube is limited by the
spread of the t1me of flight of electrons in the tube The transit- ‘time"'
spread means that electrons descended from the same photon do not enter
the collecting space 181mu1taneous1y, " For the purpose of the following
d'iscus sion; -we will assume that the tzoltage pullse at the output of the
photomult1pher tube rises sharply in a tlme of the order of one millimicro-
second and decays exponentially with the characteristic decay time of the
sc1nt111ator; A typical 1/e - decay time for a trans-stilbene phesphor is.
about eight millimicroseconds. 2 C’haract,eri_stic decay times of some

other scintillators are listed in Table I. Since the magnitudes of the current

‘puls_es that are delivered to the load impedance dependfupo,_\n the en'ergy that |

T Measurements of the relative response of scintillation phosphors to
different particles have been reported in the literature. The most
comprehensive investigation has been made by Taylor et al. 3 For
further references, see the book by Birks. ‘
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Fig. 3. An equivalent circuit of the scintillation counter.
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is lost by a particle in passing through the scintillation phosphor, vaf‘i:ations
occur in the voltage amplitudes of the output pulses. Pulse_s of va{i"ying ampli-
tudes require different periods of time to decay below a 'certa_,iri _threshold
value, specified as h* in Fig. 4. The time for the pulée ar;{xplitude to dé,cayf
below this thresh‘old'a'rvnpiitude is a measure of the dead time of the counter.
Thus, a large"rdead‘time is associated with a pulse of large amplitude,‘ and a
small dead time is associated with a pulse of small amplitude. This corre-
lation of the dead time with the pulse amplitude is illustrated in Fig. 4. |
Suppose a discriminator is adjusted so that the threshold amplitude h* is qual
to l/e times the peak amplitude of the smallest detectable pulse; then, Fig..: 5
is a plot of i)eak pulse height h, against‘the time t*, for the puls-é a:l'nplitude'
to decay exponentially to the threshold amplitude h*, where h-is mAeai-sur‘eclliin
units of the threshold amplitude h*, and t* is measured in units 6fi‘,tﬁe c_hafa’c-
te'ri.jstié deéay time ™ of the scintillator. If t* is taken as a measure of-_tﬁé
dead time . of the counter; then the “dead” time incféases byva factor ofll.;7‘
for a peak pulse height equal to twice that of the smallest Ad.etectab_le pulse, by
a factor of'Z‘,_ 4 for a peak pulse height four times as big, by a fiacto'i' of 3.11 for ‘
one eight times as big, and by a factor of 3.8 for one sixteen times vas Big. The
plotted relation in Fig. 5 is _

w¢/T =1 +1log_ h S (1)

Sciﬁtilli.ation-counter pﬁlses‘ of both large and sm_éfll am’plituﬂe_'s  rxiay be
confined within the same definite time interva_.l by using a cbaxial 'ﬁran‘szmission
line, terminat_ed in a short circuit orbsma'll i;‘x;peda;ﬁée at .i‘ts ‘r;éceiving end anéll,
in its characte’f'istic impedance at its sen&ing'end, vas pa'r‘tjofvthe iqad imp‘_edg.rice
éf thev photofnu_ltiplien A trah.smis-sion'-line pulse-duration lir_hiter ciféuit is
i‘flllusvtravt,ed schematically in Flg 6. There is an bptii’num valae of thé-terminating
ifnpedané’e for minimum c;vershbot(_in the “resu'ltiant pulse., The optimum va.l‘ue
d‘epe'nd‘s ‘dn ‘the characteristic impedance and the length of the clipping line ahd on

the shape of the scintillation counter pulse. -Maximum overshoot occurs for the

4



Tab-le I

Character1st1c Decay Times and other Propert1es ‘
Of Some Fast Scmt111at1on Phosphors

Reéfer-

. Index of

Refer-|

Name Compo- | H/C .DenSify Decay | Refer-
: ' sit_ion ‘Ratio -'g/c!r_n; ence -| Refraction ence Time ence
mjisec
INORGANIC CRYSTAL | |
Sodium’ Iodide |  NaI(T1) 3.67 1.7745 250 1
'ORGANIC CRYSTAL _ - o
' Dlphqnylacetylene- ‘ C14P'10 0. 71 0.966 .12- 1 6.9 - 4
{Tolane) . . :
Trans-stilbene CI4H12 0.86 | 1.16 1 1. 6_2'2‘ 8.2 4
Anthracene CyaHyg | 071 125 1 1.595 o ]29.4 "_‘.,.4
LIQUID ; o
| Tel%phepy'l_‘in Xylene 2 C8H10 1.25 | 0. 88009(0) 6 1.50516(0) 9 o
| 0 6415(m) 7 |1.49717(m)} 10 8.8(m) | 3%
| © |0.86102(p) | 8 1.49583(p) | 11~ |6.5(p) | 37
Phenyleyclohexane C ,H, |1-33 | 0,9431 5 1.5249 5 6.8 3
PLASTIC | ! n
| ‘Pill-tét “g» . 1. .1'6 1.03 13 1.585 13 |4 13
N ? * ‘

0881 TYON
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References for Table T

O. R. Frisch, Progress in Nuclear Physics, Vol. Z(Aqademic
Pr'ess,:Ne_w York, 1952); p. 58. ' |

H. Kallmanh and M. Furst, Phys. Rev. 8L, 858(1951)

L. Bittman, M. Furst, andH Kallmann, Phys Rev 87 84(1952)

“H. B. Ph1llips and R. K. Swank Rev Sci. Instir 24 615 (1953).

Faraday, Encyclopedia of: Hydrocarbon Compounds, Vol. 10 -

(Chemlcal Pubhsh1ng Co ,‘New York 1954), P 1211‘1. 00. 14.
Faraday? op. c1t, Vol.. 3a, p- _08015.._ 00,85. ‘

' Faraday, op. cit., p. 68016.'09;86;»i

Fai‘aaay; oﬁ, cit., p. OéOl?. 00 86.

Fa'raday,'" op. cit., p. 08015. 00 88,

Fara_day,, op. cit., p. 08016. 00 89.

Faraday, op., cit. y P ')0“8017; 00.90. ._

Lange, Handbook of Chemlstry, 8t}1 Ed. (fHanid_bool_c Publishers,

' Sandusky, Ohio, 1952), p- 677

Data from Pilot Chem1cals, Inc., 47 Felfon Street, Waltham 54.

Massachusetts.

Time constants given for xylene + p-terphenyl (Sg/,z,)“and for xylene

+m-terphenyl (200 g/[/).

Kall_rnan’n mixture: phenylcyclohexane with 3 g/{ of terphenyl and
15 mg/,é of diphenylhexatr-iene.r (Ref. 2).
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Fig. 6. A transmission-line type pulse-duration limiter for pulse
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short circuit termmatmn because, in th1s case, all of the or1g1nal peak
amplitude is reflected. A term1nat1ng reS1stance that is some small fraction
of the characteristic 1mpedance of the lme w1ll absorb some of the energy

in the incident pulse and w111 reflect back a fractmn of the or1g1na1 peak
amplitude. The proper termmatmg re51stance reflects that fraction of the
peak amplitude of the incident pulse which w1ll Just cancel the- amphtude that
the incident pulse has at a t1me equ1valent to tw1ce the length of the clipping
line. Figure 7 illustrates the pulse shape for several value's of the voltage -
reflection coefficient }1, where}l is the voltage of the reflected pulse d1v1ded
by the voltage of the incident pulse The reflectmn coeff1c1ent)1 is related

"to the terminating impedance Z through the equation -
Z/z S (Lo p), (2)

where Z is the characteristic impedance of the coaxial llne, Values of Zt

for some typical values of Zo are given in Table Il as a function of-')1,

Table I1

‘The Terminating Impedan'cel‘Zt‘as a Function of the Voltage
Reflection Coefficient ; for Some Typical Values. of the

Coaxial Line Characteristic Impedance z,

» Zt/Zo : ‘f 'Zt {ohms) . 7

| z_=950] z59 197 | 185 | 171 125
o { 1 . f| 950 | 259 197 | 185 17t | 125
-0.25 | 3/5 i °s70 | 1ss | 118 | 111 | 103 | 75
-0.50 /3 317f' f{{sé; 66 o 62 57 42
0.75 | 17 ;f'l3§‘_~l; 31 | 28! 26 24 | 18
-1.00 | -0 o 1 o ;:;'6 ) 0. 0




‘Table III

Some Properties of Coaxial Cables

H
3

]
Manufé.c- Type Character- - Propagation Velocity Delay Ztteauation in db/100 feet .
| turer o istic o ) Time f(mc/sec) :
- Impedance |- @ cm perf in. per '_ft.. per | mpsec | oo T I
(ohms) fn’l's'ec mpsec mpsec | per ft 10 |10 26‘(3!3(13’4(1} -£50 ;1000
» ' A [ at .5 mc/s ‘ ; .
Federal RG65/U | 950 £ 50 | .0242 |. 736 0.286 |.0238 | 42 A N N L C L
_ A . | | ; : o ' : ! b
Transradio | C344-T | 259 - .953 {28.6 | 11.24 . 937 1. 068 029 |-- |--|-- flL‘)g--
| Transradio | C3-T | 197 1953 [28.6 | 11.2, 1.937 |'1.068 | 05119 |-x [--|--176 -~ !
Amphenol | RG114/U; 185 | -86 [25.8 | 10.1, |.843 1.185 | -- (484 626 | --|850|~- |-~
Transradio | C2-T 171 .942 |28.2 | 111, |.925 | 1.082 |0%) 215 -- [--|%- |88]-- "
Amphenol | RG63/U | 125 - .84 |25.2 | 9.9, ©.827 | 1.148 |06 20 29 |36 42}-- 70 |
’ ' . ‘ R . i
] ! | | |

L

0881-T¥ON
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In Fig. 7,‘. the photomultiplier output pulse is’ assu‘.medt‘o rise to its
peak amplitude in one millimicrosecond and to decay expoheﬁjt‘iallys to 1./:e
df peak amplitude‘in five millimicroseconds. The length ‘df the clipping line
is taken to be 1.5 rnillild'nicr’osecond.s° In practice, the _optigmum valde of
» termidati_ng'resistance is chosen experimentallir, : | |
: _Sotne properties of coaxial cables are give’dn in '_I“abl_'e III. The type
RG 65/U cable is a special high-imi)edarice delay-‘-line =c‘afble that has a very
slow propagation velocity. Other available coaxlal c'abvlev_s have propagation
velocities near that of light. kFor example, both the '197-phm (Trans fradiol
type C3-T) and the 259 -ohm (Trans-radio type. 344-‘-'1‘-.5 Bi‘itish cables
propagate electromagnetic waves with a Fz v/c = 0, 9533 of .a velocity of
937 feet per microsecond, so that about 11 1nches corre spond to one m1111-
microsecond delay. Hence, if either of these cables 1s used in the v
transm1ss1on-l1ne pulse-duration limiter, a delay l1ne c11pp1ng t1me smaller
than one m11l1m1crosecmd should be possible” however, if the photomu1t1pl1er
outi)ut current is not driven to its saturation value', the mmlmum sc1pt111a- .
tion counter “dead” time would be limited by the rise .tif.ne of the |
scintillation counter pulse. | | |
The photomult1pl1er load impedance ZL in_‘Fig, 8 consists of a
parallel resistance - capac1tance c1rcu1t ‘Slpc‘ie the "s__‘erlding end of the
RG 65/U transmission line is tevrmmated wit‘h.:a rvesi_s'tat‘u':e equal_ tQ the
c'har'acte»ristic:ilmpedance of the line, the value of the load ',res“i‘star.lc'e» is
equal to one-half the characteristic impedance Z{; ef the‘;.delay line!§ the
value of the capacitance C is equal to the sum ofithe in‘p,ut capacltan_ce of
the ‘pu‘lSe-duration limiter tube, the capacitance of the eqll{e:ctor of the
photerhultiplier, and? the stray wiring capacitance,- Theiphoto'_multiplier

load impedance Z is plotted as a function of frequency f in Fig. 9 for a

L :
characteristic impedance Zo equal to 950 ohms, and for typical capacitance

values of 3, 6, ard 12 micromicrofarads. Figureé 10: throdgh 14 are
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Fig. 7: ‘Pulse shape versus voltage reflection coefficient yi. '
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" RGE5/U 954500 DELAY CABLE

1O FEET (97 A CABLE
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NOTE: .
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c-7
~ omsd .
3KV X -
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\
\
) ~
PHOTOMULTIPLIER AND LIMITER
/. .
, ) : MU3032

| Fig. 8. A transmission-line type pulse -duration limiter for pulse
T : durations greater than about ten millimicroseconds.



21-

UCR1.-1880

&

© (e uu_‘ggga* i

® SRR

o EREEEEE i
q 20 3 40 80 0

FREQUENCY f in Meeucyclu per second

Fig. 9.
for a characteristic impedance Zo

I

The photomultiplier load impedance ZL
of 950 ohms.

HHINE 3 if kR N

SN T
T e
R
i

MU-8328

versus frequency {



_22- | UCRL-1880

w ~ o > v wed

120

1no

s =

[ ]

L=

30

20

Frequency f in Megocycles per second

AN

MuU-8329
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Fig. 12. The photomultiplier load impedanée Z_ versus frequency f
for a characteristic impedance Z of 185 ohms. ’
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similar plots for Zo equal ts 259, 197, 185, 171, and 125 ohms. The plotted
relation is |

z; = xc' (ZO/Z) / (X, + 210/2)’;
where '

X_ = 1/{2m £C).

The variation of the capacitive reactance with frequency for the same three
capacitance values is plotted in Fig. 15 for comparison. |

In the transmission line type of pulse%duration limiter of Fig. 8, the
short length (1-1/2 inches) of high-impedance (95.(\). : 50 ohms) RG 65/U delay
cable serves as the time elippe.r or'dead-time equalizer fer pulses of - |
different amplitudesg however, a dead time smaller than aboﬁt 10 milli~ ‘
microseconds cannot be obtained with this delayﬂ cable because iengths»
smaller than about 1-1/2 inches no longer behsve like a transmissien lil;xe.

In the photomulitipli‘er: and pulse ~duratio‘n limitef circuit of Fig. 6, th,ev
grid of the vacuum tube is\connecjted somewhe_re near the receiving end of
the transmission line mstead of at the sending end as in Fig. 8. This
change results in a more nearly re51st1ve termmatlon at the sending end of
the transmission line. The pulse duratlon is determined by the distance .
along the cable, measured frofn the nearly short—circuited receiving end,
at which the vacuum-tube grid is connected: The length of the nearly
" shorted transmlssmn line in the photomultiplier pulse shaping circuit of-
Fig. 6 is calculated to generate pulses of 3 x 10 =9 seconds’ durs.tlon at
the base of the pulse. ‘ '

Since the type 6BQ7A tube is a double trmde,, only one glass envelope )
is necessary to serve two photomu1t1phers ThlS fact suggests the
possibility that short pulses from two phot‘omulhphers can be .applied
to the input gr‘ids of the vdouble f;iode and added together with a common
plate-load impedance. If two phétomultipliers view a common scintillator,

uniform-detection efficiency is obtainable over a lafge scintillator area.
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{a} Schematic {b) Equivatent Circuit

High Speed Adder Gircuit
. MU-6022

Fig. 16. High-speed adder circuit.
.a. Schematic
b. Equivglént circuit
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The schematic circuit diagram for thé high-speed adder is -gihveln in Fig. l6a;
the equi\‘rale_nt circuit in Fig. 16b. At first glance, the adder circuit appears
to be the same as the well-known Rogsi cvpincidenc‘e circuit;S the difference,
however, is contained in the magnitude pf the loaﬂ impedance ZL re"_la.tive,
to the magnitude of the dynamic plate resistance rp of either vacuum tube.
For the coincidence circuit, the load impedance is much larger than the
plate resistance; thus, the signal voltage at the common plate connection
does not chang.e appreciably unless both grids aré.aétuated by coincident
pulses. The plate-current change that results from the presence of only
one grid pulse is prevented from developing a .sig'hal voltage across the load -
impedance by the clamping zction of the other tube. For the high-speed :.
adder circuit, the load impedance is much smaller than the plate resistance
of either tube; thus, the plate-current change that results either from only
one grid pulée or from two coincident grid pulsés -will develop a signal.
voltage across the load impédance. The large ratio of plate resistance to |
load impedance effectively isolates each tube from the other. The plafe-:g
load impedance for the high-Speéd adder.circuit in Fig. 6 consists of 197-
ohm line, terminated with 'a resistor equal to f_he characteristic impedance,
in parallel with the outéut and the stray capacities of the plate circuit. - The
rise time of the pulses from the high-speed adder circuit are probably
governed: by grid loading and transit-time éffects within the vac;uum tube
rather than by the timg constants 6f the input and output circuits. The
voutput time constant of the adderA circuit is
) Zo ‘_ | B
T output = — . c o (3)

output’ |

where Z is the characteristic impedance of the plate line, and-C i

o dlal ; ; » output
equal to the output capacitance of both sections of the 6BQ7A triode plus the
stray wiring capacitance. Since‘k-\the_output_ capa_cita;,nce,"of.one section of

the 6BQ7A triode is given as 1,35 micromicrofarads, the output time ¢ ..
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‘Fig. 17. The output voltage versus the input grid voltage on one
input only to the high-speed adder. The input signals are ten-
millimicrosecond square pulses of positive polarity. o
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constant is less than .one millimicrosecond vs)hen 197-0ohm jline is used in
the plate circuit. Since the input capacitance of o“ne. section of the 6BQ7
tube is given as 2. 85 'micromicr;ofa’rads,‘ the in_puf t-i;i'ne ?c‘onstzant 1s also -
probably less than one millimicrosecond if 197-,o:hm;j1ine is used in the
i grid circuit. | |
Although the 6BQ7 adder circuit is operated at zero grid bias, it may
be driven by either negative or positive éulses. If the grids are driven
negatively beyohd the cutoff value of approximatAély two volts, the output
pulse is limit;ed in amplitude. An amplitude limiter is desirable, for
example, iﬁ th’osé vex‘perimlents that are Idé'signeéd to detect lightly ionizing
particles, such as electrons, in the présence of a large béckgrouhd ‘of ‘
heavily ionizing particle s, such as protons..v. On the qéher hand, if an
experiment is designed to detect heavily ionizing ;;afticles in the presence
of a large backg“roﬁnd of lightly ionizing“ particles, then no amplitude-.
.limiting action is desired. Figure 17 show.s that the output of the adder
circuit is linear with the positive input signal on one .of the grids; F1g 18
gives the linear oﬁtput-inpuﬁ relation whén positive ihput pulse.s of the
same amplitude are appliéd simultaneous'ly to each grid. Both Fig. 17 and
Fig. 18 éhow that the adder circuit has a voltage gain of about two for ten-

millimicrosecond square input pulses.
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r Equol Input Signels

Adder Output le'age

Input Voltage on one Grid.

MuU-603I

Fig. 18. The output voltage versus the amplitude of one of two equal-
input grid voltage signais that are applied simultaneously to the
high-speed adder. The input signals are ten-millimicrosecond
square pulses of positive polarity.

€



)

34. . UCRL-=1880
. Ili. COINCIDENCE CIRCUIT

The active compensnts of the coincidence circuit consist entirely of
crystal diodes. The principal advantage of using crystal diodes instead "
of vacuum tubes for mixing the input pulses is that the diode circuit can
be driven directly either from 1P21 photomultiplier tubes or from the
high-speed limitéraadder circuit of Fig. 16 without the aid of distributed
afh'pvli,fvication. Since the rise time of scintillation-counter pulses is
believed to be smaller than the rise time of commercially available
disfr‘ibuted amplifiers, the scint.illationecounter pulse 'is degraded slightly
in passing through a distributed amplifier that has a rise time of about
2.5 millimicroseconds. . Th@s, in addition to the 'ob,vvious‘advantages of
simplicity, lower éost, and less electronic maintenance, the main
advaﬁntagé sought in the elimination of distributed amplifiers was fhe
ability to drive the coincidence circuit with pulses of the shortest
possible duration. | |

“Figure 19 is é schemaﬁig circuit diag'_r:am of one version Qf:"the
coi\n_éidyen_ce circuit; namely, a double-coincidence circuit _tha.t'ope:z;a,f:_e"s. v
on positi\‘;re input pulses. 'If the polarities of all the crystal diodé’s and Bbth
bias supplies are reversed, -then the double-c‘oincidence' circuit will
operate on"negative input pulses. A _s'cherhatic,of such a circuit is given '
in Fig. 20, Slight modifications can be made to Figs,' 19 and 20 in order
to allow both positive and negative input circuits to operate from a single
commercially available 150-volt Ipower: supply. Circuit diagrams are
shown in Figé. 21 and 22. Double, triple, and quadruple cpincidence
circuits that operate on either positive or negative input pulses have been
bui It and operated successfully.

‘The coincidence circuit uses the crystal diode clamp that was first

‘ 6
described by Garwin.  Another crystal diode clamp, biased in the

reverse direction, is introduced in this circuit to imprové the discrimination
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Fig. 19. Crystal diode double-coincidence circuit for positive input
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Fig. 20. Crystal diode double-coincidence circuit for negative input
pulses. '
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Fig. 21. Crystal diode coincidence ‘circuits for positive input pulses.
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Crystal diode

coincidence circuits for negative input
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Fig. 23. Low-level static characteristics of crystal.diodes.
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ratio. Either the type IN54A, the type IN100, or the type S84 crystal
diode is selected for this application because of a very steep back-
resistance - versus — back-voltage charactefis_t_ic; at small back voltages.

Figure 23 shows the low-level static chla:r_acte,rfl-s-tiés of some germanium

diodes in the region near minus one volt, The reverse :bia.sing current

" for this diode is furnished from a nearly constant current’ source. The

reverse b1as current is a.dJusted to glve a reverse bias voltage that is
smaller in magmtude than the signal voltage that appears at the input ehd
of the back- b1a.sed diode in response to coincident input pulses. A typmal
value of the reversed bias voltage is 0. 60 or 0.70 volt. A nvon__cpincident'
pulse, being smaller than a coincident -pulse, is presented by the high
back resistance of the dio‘d‘e,: s0 tha.t only a very small fract_ivon- of this
pulse is transmitted; on the other hand, a coincident pulse ié pre sented
with a very small diode resistance so that this pulse is transmitted with
little attenuation. The c.or‘xsta.ntvcurr'ent biasing supply and the 50, (500-b,hjm
shunting resistor stabilize the performance of this back-biased diode; |
im’owe,ver, the magnitude of the reverse bias is still slightly sensitive to
fair'lyv"la‘fge temperature changes. When the circﬁit is used in open-air
areas for a period of several days, the magnitude of the reverse bias
volitage is checked perm‘dmally for small drifts that can o_ccur. Little or
no d»xift occurs in the reverse bias voltage if the ambient temperatuxfe is
r.easona;blylr éo'nstant, .Neither crystal diodes nor other"q‘orhponents have,
to be selected to give reliable performance in this coihcidence circuit,

- A coincidence pulsek charges. the divstributed capacity in the grid

circuit of the output tube through the forward resistance of the IN54A diode.

If the back resistance of the diode ié large compared to the 10.0K-g'r'id

re.sistor, then the charged ca;pacity discharges to ground through‘the '
100K grid re sié_tor; otherwise, the -pa'ra'llel p‘a',t'h'-tov g'fo’und th;rb‘o‘qgh"the“

back resistance of the diode shortens the discharge time:. For coincidence



~41- "UCRL-1880

200t
T 4x10"?SEC. PULSES | h
L 'V =0.60 VOLTS ]
' - . ) . . .. . - o ) ..
= 160} . B
5 . .
© = 4
'
o .
. | . o : PEAK LINE s |
w ‘ . . B .. /
O n . . . s/
Z L 4V SIGNALS ’ J/ .
W o . S ]
o Q@ : J/
z » 120r J g
) S ) ‘ . /o .
e Ot : . 2.8 V SIGNALS / _
EE ) ///
5w I ’ ]
o Qe /
' o 2 w4
op L P |
A w Va
o a //
= L s ]
e 2 80 , e .
a :‘J / . )
.*é R 7 2 VSIGNALS
® w - //./ -
1y M o
52 | % l
> /
-4 /
-t /
~ -_— N - ~ /7 -
s 40 y
7/
/ - -
1 r Va ; . .
4 1.4 V SIGNALS
// p
7/
/
/ .
4 -
. 7 IV SIGNALS
//
o] + 7 " N L . N n
0 10 20 30 40 50 60 70

BIAS SUPPLY VOLTAGE FOR COINCIDENCE *DIODES

.MU-8383 .

Fig. 24. Double-coincidence output in millivolts. versus. the bias supply . .
volts for the coincidence diodes when both input signals are equal in"
amplitude and four millimicroseconds i duration.” The amplitude of
‘the'negative input signals is indicated on-each .curve. The reverse
"bias voltage across the clamp diode is 0. 60 volt.
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input pulses for four millimiéroseconds duration, t.he.decay time of the
6AF4 cathode follower output pulse was observed on an oscilloscope to
be a few tenths of a microsecond. th.e‘ 6béerved decay time is in good
agreemént with that expected from the RC time constant in the grid
circuit. | o

.The perzorma nce of the c01nc1dence circuit has been checked with
a mercury-switch pulser and a fast oscilloscope. The pulser generated
either positive or negative puises of four -millif;rnicrosecoﬁd duration or.
longer; the pulse duratién is measured at the ’t;ase__o'f the pulse. The
rise time of t‘he~pulseé, afte1:°‘ passing thro‘ugl'; resistance attenuators,
was about 1.5 millimicroseconds; thus the pulse would rise to full
amplitude in 1. 5 millimicroseconds, remain flat for 1 m1111m1crosecond
and then decay to zero'in 1.5 millimicroseconds. The voltage from each
of four outputs of the puléer' could be switched in convenient steps ffom '
5 millivolts to 80 volts, )

Figures 24'through 30 .are thévresults of tests on the negative input
double-coincidence circuit of Fig._‘ 20. These tests were made with the
four -millimicroseéond pulses from the'. pulse generatbr that was described
above. The reverse bias voltage across the clamé diode Was fixed at
0. 60 volt. The double coincidence output is plotted in Fig_. 24 against the
bias supply voltage for the coincidence ‘diodes wheti; both input signals are
equal in amplitude. The amplitude of the input sigﬁals is indicated on
each curve,. T};e dotted line passes through the broad peaks of the curves.
The same data are presented in a different form in Fig. 25. Here, the
double'-coinciden'ceioutput is plotted against the amplitude of one of the
two ‘equali-amplitude signals, ';Each curve is for a different ivalue_ of

supply voltage for the coincidence diodes. ' The two Figs. 26 -and 27 are ~

| similar to Fig. 24, except that here 6pe' i_rip_ut "‘svi'gri_a.__lfis" he‘tld f_i":'"éed,fq.t N

either 20 volts or 2 volts and the other input sig'nal‘is..vafied in convenient

steps from 5 millivolts up to 800 millivolts. The dovtib:l'e-é‘oiti'c\id"e’néé"oluv.tput
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Fig. 25 Double-coincidence outpit in millivolts versus the:amplitude
of one of two equal-amplitude, four-millimicrosecond negative
inpht signals. Each curve is for a different value of the bias supply
voltage for the coincidence diodes. The reverse bias voltage across

the clamp diode’is 0. 60 volt.



-44 - UCRL-1880

180
170

160

Eﬁa
EREEne

e
e

=1
8
O
g i
g, i
8 o G L
3 ﬂﬂﬂﬁﬂg@gv'
3 e T
- i TR B R BN
= T R R
g Bﬂmﬂﬂﬁm
é o e R R
2 EEEEEEEN
S e e
= R e B
= AR
i i EmEREE
g ER
i
B

| e
i

=

Sl

=
S

NU-8338

Fig. 26. Double—coincidehce output in millivolts versus the bias
supply volts for the coincidence diodes when one inpuf signal is
held constant at 20 volts and the other is varied in steps from five
millivolts to two volts. Fach curve is labeled with the amplitude

" of the four -millimicrosecond signal. The reverse bias voltage
across the clamp diode is 0. 60 volt. C
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g. 27. Double-coincidence output in millivolts versus the bias
supply volts for the coincidence diodes when one input signals is
held constant at the two volts and the other is varied in steps from
five millivolts to two volts.  Each curve is labeled with the ampli-
tude of the four-millimicrosecond signal. The reverse bias
voltage across the clamp diode is 0. 60 volt.
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The amplitude of one input signal versus the amplitude of the

other input signal to the double -coincidence circuit for constant

output voltage.
output voltage.
seconds in duration.
diodes is minus 40 volts.

clamp diode is 0. 60 volt.

Each curve is labeled with the amplitude of the
The negative input signals are foar millimicro-
The bias supply voltage for the coincidence
The reverse bias voltage across the
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under these conditions shows the “feed-through” level. Each of these
curves shows that the feed-through output for a given pair of input signals
is relatively insensitive to tﬁe bias Supply voltgge for the coinc‘idénce
diodes. ‘ |

The remaining tests were madé with a‘:;éi';ed value of 40 volts for
the bias supply voltage for the coincidence diodes. This c}-loicle corre-
vsponds to the maximum value of the curve in Fig. 24 for 2. 0-volt input
signals. Since the feed-through level, as shown in Fig. 27, is 'fail;ly
flat, this choice gives a maximum disc¢rimination ratio for 2.0-volt
1nput sighalsa The discrimination ratio "ofvthe double -coincidence
circuit for input signals of a given amplitude is here defined as the ratio
of ‘tlde coincidence output for two coincident equal’-arﬁplitude input signals
to the outpuf of 'the coincidence circuit for completely nonoverlapping
signals of the same amplitude. '

Figure 28 is a log-log plot of the double -coincidence output voltage
versus the amplitude of one of the input signals when the amplitude of the
bther input signals is held constant., The dotted curve is the locus of -
A:equall-amplitude signalé, The curve for equal-é.mplitude input signals is -
plotted with linear scales in Fig. 29. Note that the double-coincidence A
output is pldtted here against the amplitude of only one of the twé) equal--
ar'n:plitude input signals, Thé data of Fig. 28 are displayed in another
form in Fig,‘ 30. Here, lines.o'f constant output voltage are plotted on a
grid where the amplitude of one input signal is represented along the

ordinate and the amplitude of the other input signal along the abscissa.
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IV. OUTPUT CIRCUITS

The output pulse from the coincidence circuit is still too fast and too
smal]l for reliable operatmn of the discriminator circuit in the standard Radla-
tion Laboratory scalers. A fast amplifier amplifies the negative output pulse
to a level that’reliabl\y opefates another crystal diode pulse—le!ngthenifn‘g circuit.
The circuit diagram of a satisfactory pulseélengthening amﬁlifier is given in
Fig. 31. The first stage of this circuit consists of an EEP-60 secondary emis-
gion.tube amplifie'r, The high gm/C ratio, where g, is the transconductance °
and C is the input capacitance‘, for this tube results in a good high-frequency
response., Negative feedback is employed from plate to grid. The output signal
to the next stage is taken from the dynode. The pulée-lengthening diod¢; ”i‘n the
grid circuit of the 6AQ5 pentode amplifier stage, is poled to leﬁgthen negative

pulses. Since the dynode has the property of not inverting the f)()larity of the

‘input grid pulsé, the circuit of Fig. 31 is driven by negative pulses. An oﬁtput

pulse of either polarity can be taken from the 6AF4 outpﬁt tube of the coincidence
circuit. The negative gﬁd drive and dynode coupling reduces overload pafal’ysis
of the amplifier. Large negative signals on the firs’t two grids ‘cavn only drive the
tﬁbés beyond cuft:off; iarge positive signals would draw grid current which could
prevent the amplifier from responding properly to a successive pulée until t;he
effect of excessive grid current has subsided. The output tube is a triode-
connected 6AQ5 cathode follower. The cva.fchvode foliower is driven in the positive
direction in order to obtain a larger output swing than one that is driven in the
negative direction and that operates from the same éower supply. The low-
1mpedance output of the cathode follower is required in order to drive long '
lengths of coaxial cable from the experlmental area to the counting area. The
output-input relat1onsh1p of this amplifier for 0. 1 mlcrosecond 1nput pulses is
given in Fig. 32. The log-log plot shows both the linear range and the satura-
tion ra;mg’e, The dotted curve glves the amplitude of a second pulse that -

appears at the output when the input is excessively overloaded,
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"Fig. 31. Pulse-lengthening amplifier for negative output pulses from
the coincidence circuit. :
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PULSE LENGTHENING AMPLIFIER CHARACTERISTICS
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Fig. 32. The output pulse height from the pulse-lengthening amplifier
versus the negative amplitude of a one-tenth-microsecond input
pulse.

@
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The pulse-shaping and coincidence system.

@



B4. UCRL-1880
V. OVER-ALL PERFORMANCE OF THE COINCIDENCE SYSTEM

The ov‘er -all perforg'nance of the coincidence system has been bbserved
under va>ryi‘-'ng COnditioﬁs. "The coinciden_ce system 1n Fig. 33 has beern tested
with the same four-_millimi.crose‘eond pulses from the mercury-s_witehoulsei'
that was described briefly in Section V. In Fig. 34, the \d‘.i'scri’mvinator bias
in volts is plotted a‘gainot the amplitude of one of'two. eq[ual input pulses to the
coincidence system of F1g 35, The 197-ohm clipping lines m the grids of
the adder circuit (Fig. 6) have been disconnected for this test. The negative
input doubles: c1rcu1t is operated w1th a bias- supply voltage of minus 40 volts
for the coincidence diodes and with a reverse blas voltage of 0. 60 volt across
. the clamp diode. The output linear amphf1er was set at minimum gain. The
1/e-decay time for the output pulse from the linear amplifier was observed
to be about severi microseconds. Note that the output pulse height of the
system in the microsecond range is a linear functmn of the amphtude of V
one of two equal input pulses in the m1111m1crosecond range.

. The resolution function of the triple-coincidence system for equal‘
amplitude input pulses is given in Fig. 35. "Each curve has been taken for
-a different value of input pulse amplitude. The linear amplifier output in
volts is plotted as a function of the length in feet of 197-ohm delay line in
one input to the triple-coincidence circuit of Fig. 35. One foot of this cable
is equivalent to a delay time. of 1. 068 millimicroseconds. ‘(See Table HI).
The negative inpﬁt pulses from the mercury-switch pulser have a rise time
of about 1.5 millimicroseconds and a duration at the base of. the pulse of
four millimicroseconds. The negative-input triple-coincidence circuit is
opex;ated with a bias supply voltage. of minus 60 volts and with a bias voltage
of 0.60 volt across the type 1N54A diode.

The‘.efﬁciency of the fast counting eduipmeot for the detection of
protons that lose about 8 Mev in st11bene phosphors was. measured'7 at the

) Berkeley: 184-1nch synchrocyclotron Four stilbene phosphors, each
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Fig. 34. Disc’riminafozy bias in volts versué.the‘émpl‘itude} of one of
f Fig. 35. The positive input

two equal input pulses to'the system o
. pulses from the mercu_ry,-swit_ch_pulse‘r are four millimi.cros_ec_onds
“in duration. The 197-ohm clipping lines in the addér circait '
“(Fig.” 6) have beerd discontinued for this test. The negative input -
double-coincidence circuit (Fig. 20) is operated with a bias sapply

voltage' of minus 40 volts for the coincidence diodes and with a

reverse bias voltage of 0. 60 volt acr,bss;the clamp diode. The

linear amplifier was set at minirnurr‘l'g-ai.rf. "The 1/e-decay time

for the pulse from the linear amplifier was about seven migrosecgndsf
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OQUTPUT VOLTS OF TRIPLE COINCIDENCE SYSTEM FOR EQUAL INPUT PULSES

[o] | 2 3
FEET DELAY IN ONE INPUT

Fig. 35. Resolution function of the triple-coincidence circuit for
equal-amplitude input pulses. Each of the curves is labeled with
a particular value of input pulse height. Linear-amplifier output
in volts for minimum linear-amplifier gain versus the length in

feet of 197-ohm delay line in one input to the triple-coincidence
circuit of Fig. 22. One foot of this cable is equivalent to a delay
time of 1. 068 millimicroseconds. The linear amplifier was set
at minimum gain. The negative input pulses from the mercury-
switch pulser are four millimicroseconds in duration. The
negative input triple-coincidence circuit is operated with a bias
supply voltage of minus 60 volts and with a bias voltage of 0. 60
volt across the type IN54A clamp diode. ' »
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2.4 g/cm2 thick, were aligned in the 340=Mev scattered deflected .e).ctern_a’l
pfotbn beam. The f)hosphors were viewed by 1P21 photomultiplier tubes.
The protons were collimated both fore ané aft of the stéering magnet. The
jaws of the premagnet collimator were closed dp‘w‘n to 0. ‘10 inch by 0. 10 inch.
The 40-inch-long brass collimating ‘.tau'be was O;Z‘Sl inch iné diameter. Photo-
graphs were taken to ascertain that the beam passed through: thg centers

of the 3. 25-square -inch phosphors. The proton beam intensity was reduced
to about five'. protons per second by operating the ?sourcé at reduced ar‘c
voltage, reduced tank-filament :current', 'and.reduc':ed filla‘me'nt‘ voltage.
Alternate counters were connected in double cqinéidence thr;)u'gh simﬂar
puls;e-shaping circuits. The negative collector pulse from’the 1P21 photo-
multiplier is limited in a,r"nplittlldei if the 6BQ7 ;iimiter gri_& is driven beyond
cutoff. The output of ‘each positive -input crystal-diode coinc_ide"nc'e circ-uit
was fed through a pulse-lengthening a@pliﬁerjand a linégr amplifier to a
discriminator circuit. The 01‘1tpi1tl of }each dis;:rifninagpr circuit was
recorded on a scaler. In addition, if the discrifn—i'natl‘or circuit is tripped
by the output pulse from a fast coincide"n'ce circuit, a shaped pulse of |
constant amplitude and duration is generated. ‘The's'e shaped pulses are fed

into a slow double -coincidence circuit D The efficiency of this slow double -

3°

coincidence circuit D3 is assumed to be 100 percent for the detection of

these shaped pulses in the microsecond range. If &1 and E’l are the

detection efficiencies of Channels 1-and 2 respectively,. then
Dll = €l N
D, = 61 N
D3=¢ &N

where D.1 ~and-Dz are the numbers of fast double coincidences recorded in

Channels 1 and 2 respectively. D, is the number of slow d_ouble cbi.néidences,

3

and N is the nimber of true coincidence counts. We measure D.l, D_Z, ahd_'D3

and solve for the thfge unknowns El’ ‘ %}afxd N.

/=
{
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The results of this measurement are expressed in Figs. 36 and 37,
The absolute detection efficiency for protons losing 8 Mev in each stilbene
phosphor is plotted against the length of delay line. The shift of the peak
of this re solut_ion function to the 'right of zero delay line.is the effect of the

proton time of flight between the counters. The detection efficiency is

" nearly 100 percent around the peak. This measurement has not been

corrected for nuclear attenuation of the protons in the stilbene scintillators.
The few -percent efficiency loss éan be attributed to this ‘cause. The proton
beam diameter and the géorhetfy of the. counters were such that m—ultipie
scattering losses were negligible. The resolving time ”7°, defined as one-
Half the full width at half maximum, is just Yabvout five millimicroseconds

in Fi_g.' 36 and threé 'mil].imicrosecondé in Fig. 37. The detection efﬁciencies '
of the ltriple- and quadruple- coincidence channels are the same as for the |

double -coincidence channel.
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RESOLUTION FUNCTION OF TYPICAL DOUBLE COINCIDENCE CHANNEL -
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Fig. 36. Resolution function of a typical double-coincidence channel
for equal-amplitude input pulses.  The amplitude of each input
pulse corresponds to an 8-Mev energy loss by 340-Mev protons
passing through each stilbene phosphor. - '
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RESOLUTION FUNCTION OF TYPICAL DOUBLE COINCIDENCE CHANNEL

ABSOLUTE DETECTION EFFICIENCY

Feet delay in second coynter Feet delay in first counter

Fig. 37. Resolution function of a typical double-coincidence channel
 for equal-amplitude input pulses. The amplitude of each input
.pulse corresponds to an 8-Mev ehergy loss by 340-Mev protons
passing through each stilbene phosphor.
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