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CHAPTER I
INTRODUCTION

For experiments involving small scintillators and for
experiments involving scintillator telescopes, the circuitry
may closely resembls that used with geliger counters, How=
eaver, if 1t is desired to make use of the variation in the
signal amplituds in a large scintillator, some means must be
found to deal with a wide range of amplitudes, The seintil-
lator employed in the experiment to which this work relates
is & tank 10 feet in diameter that contains 300 gallcns of
activated toluene; light of the scintillations is collscted
by & 16 inch photo-multiplier tube that is located on top of
the tank,

A c¢ircuit has been developed which will convert the
pulses from the photo-multiplier tube into pulses of stand=-
ard height (ie,, smplitude) whose length (le,, duration) is
proportional to the logarithm of the Qsight of the original
pulse, This circult is callad the "Logarithmic Cireuit" in

Fige l¢ In such a manner amplitudes extending over a range

of somewhat less th;n'104 can be handled, Befors the scin-
tiliation pulses can be used, however, it 1s necessary to
learn what correspondence exists between the cosmiceray par-
ticles traversing the tank and the sce¢intillation pulses pro-
duced by such traversals, In particular, it is essential

that the average pulse produced by the traversal of a single,

minimum ionizing particle be determined.







In order to obtain this informetion an experiment was
designed to run a gelger counter tray telescope in coincie
dence with the secintillator. Fige. 1 glves the block diagram
of the experiment, If the geiger tube trays are triggerad
by ionizing particles so that pulses from the traversal ar-
rive at the coincidence circuit withir a time of approxi-
mately 2 psec., a "ecoincidence pulse™ of 2 psec. will be
produced, This c¢oincidence pulse opers a gate in the pulse
length analyzer, The pérticle, or particles, triggering the
geiger tube trays should alsd have passed through the scin-
tillstor and, therefore, have produced a pulse in the photo-
multiplier tube, This scintillation pulse 1s passed through
a cathode follower and cable to an amplifier and then to the
logsrithmio circuit described eerlier, The logarithmic
pulse 1s delayed to compensate for delays 1n’tha gelger tubes
and coincidence circulits, and then it is converted by the
pulse length analyzer into an amplituds which is recorded by
the 10 channel pulse amplitude analyzer,

By this arrangement it 1s possible to rscord the
pulses from the ucintilintor only when the geiger tube tele-
gcope is triggered simultaneously, Most of the events in
which the telescope is triggered will be the traversals of
singly occurring mu-mesons; events with more than one parti-
cle will oceur with rapldly decreasing probability as the
number of particles increeses. An analysis of the differen-
tial spectrum of scintillator pulses occurring simultansously

with triggering of the telescope will t hen make it possible
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to identify the average pulse amplitude corresponding to
traversal of the scintillator tank by single perticles,.

The remainder of this paper is concerned with the
clrcuits necessary to meke the information from the tele=
scope coincldence and scintillator resdy for the 10 channel
analyzer., This will requirs two major steps. The first
brings the two pulses together at a gste where the scintil-
lator pulse will be passed only if the gate has been opened
by a colncidence pulse from the telescopes The second step
is to convert such a gated pulse into a pulse Qhose height
is proportiona; to the length of the ga?ed pulse, The
result of these cirecuits, then, is to produce a pulse whose
emplitude 1s proportional to the logarithm of the.amplitudo
of the pulse produced in the sointillator, and to produce
this pulse only when it occurs in coincidence with the
counter telescope,

Fige 2 shows the arrangement of thess circuits. The
coincldence pulse triggers a univibrator with veriable oute
put pulses in order that the gate can be opened for a pre-
determined length of time. During this time the delayed
pulse from the logerithmic circuit passes through the gate
in inverted form., This gated pulse is re-inverted and then

mede to trigger the linear sweep circuits







13zA|puy yjbuan @s|ng

2 9i1nbig
$1ND41) O
O———— daamsg SEPPE-N NN 8§DY as|ngd
inoO 403 ul" JQiwuypianbon
as|ng

i04piqiAun b—
as|nd
2UI0)







CHAPTER II
THE CIRCUTTS
I. THE POWER SUPFLY

The power supply is an integral part of the entire
electronic unit. Inasmuch as no part of the circult requires
accurately stabilized potentials, it was possible to employ
a simple rectifler-filter supply. Potentials availabls in-
clude =100 v,, =300 v,, +150 v,, $+300 v., and $4C0 v.. The
schematic diagram for the complete power supply is contained

1n Fig. 5.
II. THE UNIVIBRATOR

The first step is to bring together the coincidence
pulse from the gelger tube trayn end the delayed logarithmio
pulse from the scintillator. The circult to accomplish this
is shown in Fig, 4.

The coincidence pulse from the gelger tube trays is
used to open the gating circuit to allow the logarithmie
pulse from t he scintillator to pass through. However, the
coincidence pulse is only some 2 microseconds long; whereas
the logarithmic pulses extend from 20 to 500 microseconds in
length. A univibrator was, therefore, inserted to maintain
the gate in an opened condition for times that can be se=-
lected, These times range from ten microseconds to 1,000

microseconds, with a separate switeh to allow manual control
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of the gate (See Fig. 4). Omne could, of course, make the
length long enoﬁgh to include, in one setting, all possible
pulses from the logarithmic circult, but thie would increase
the dead-time in the case of fast counting, This would also
lead to the possibllity of more than one scintillation pulse
being counted for a single coincidence of the telescopse.
Thus, the variable-length coincidence pulse mekes it possi-
ble to choose an optimum length for various ranges and rates
of scintillator pulses,

The univibratér employed was cathode coupled, It was
found that this model gave the sharpest pulses over the en=-
tire range desired, and it also eliminated any direct capac-
itance-coupled prth between the input end the output, .

It was noted that the output length was considerably
affected by the input length. This was, however, discounted
as being of 1little eenaequ»neo,sinéc, in this particular

clreult arrangement, the input pulse from the coincidence

cirouit would always be the same length. The capacitances,

&s given in Table I, were datorninéﬁ“vifh input pulses from
the coincidence circuit by which the univibrator would nor=

mally be activated,
III. THE GATE AND INVERTER

The gate tube used was a 6A86, The pulse from the
coincidence-univibrator is placed on the third grid., This
grid can insure cut off, but even if it is positive, the

nature of the pulse on the plate is 8till controlled by the







TABLE 1

UNIVIBRATOR PULSES WITH CORRESPONDING CAPACITANCES

B e e e e e P bt i
Capacitance Pulse Out

{ppf) (psec.)

€y = 0 10

10
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first grid. The pulse from the logarithmic circult is
placed on the first grid., If grid three 1is poaltive as the
result of a colncidence pulse, there will be produced at the
plate of the gating tube a pulse whose length is the same as
that of the logarithmic pﬁlae but whose polarity is reversed,
An inverter follows to provide a positive pulse to trigger
the sweep eircult. Fig. & gives the wave shapes from the
input through the inverter,

IV. THE LINEAR SWEEP CIRCUT®

There are two simple methods for messuring a pulse
length., One consists of turning on & high frequency oscil-
lator for the duration of the pulse and measuring the number
of oscillations ocourring in this period; if the frequency
of the oscillator is known, the length can be readily cal-
oulated. In the other method the length of the pulse is
converted into an amplitude which can then be fed into an
ordinary scaler or pulse-amplitude analyzer. The second
meothod was the one employed in this work and the actual cire
cult used is shown in Fig. 6., Wave shapes for the e¢ircuit
are given in Fig. 7,

From a qualitative point of view one can analyze the
general operation of the circuit as follows. The incoming
positive pulse arrives at the switching vacuum tube (5963)
whose first scction is normally conducting. The pcsitive

pulse turns on the first section which, in turn, cuts off
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the second. Now, with the second stage conducting, the
plate potential is relatively low, in the neighborhood of
five volts for this circuit. When it is cut off, the plate
potential cannot rise immediately to the supply potential
bscause current must still flow through the plate resistor
to charge the capascitor, C. This produces a finite rigse-
time for the plate potential; and, if the remainder of the
circuit were omitted, the wave shape would sppear as indi-
cated in Pig. 7b., If the cathode follower and the VR tube
are added as a form of feedback, the potential towards which
the capacitor chargqs is maintained at approximately the
same value, To the degree that this potential remains cone
stant, so does the charging current to the capacitor remein
constant, As a result, the potential of the eapacitor
should increase at a constant rate. The circuit employs
several values of the charging capacitors that cen be chosen
to give a charging rate that is optimum for the range of
pulse lengths being investipgated,

The clrcult will now bs anslyzed in & more gquantita-
tlve fashion. A simplified schematic diagram is given in
Fig. 8. The equations which describe the opsration of the

circuit are the following:

N U b s (1)
E,= £/ +e . +(4+4)R (2)
£E,= eyt (44 +4)R, (3)
9= e. -e (4)

d4y = 9gm dej f')':',— Jdeg (8)
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. dT
de. = Ly ¢ (6)
| & = (£, +4,) Ry (7)

where the symbols indicate the following:
- 3upply potential to charge capacitor

Plate supply potential for VI=-2

=
o
8

Vo, = Potential across VR tube
ep -~ Instentaneous plate potential of V=2 (relative

to cathode)

)
1
i
B
L
,_
i
i
15
i

- Instantaneocus grid potential of VI=-2 (relative
to cathode)

@, - Instantaneous cathode potential of VI=2

e, = Instanteneous potential across capacitor (also

ingtantaneous grid potential of VI-2 relative to

ground)

1; - Instantaneous current through reasistance, Rl
ig = Instantaneous current through resistance, Ry
i, = Instantaneous plate current of VI=-E

Rl = Drepping resistor

Rg « Charging resistor

R, = Resistance of cathode resistor of VI-2

r,. - Dynamic plate resistance of VT-2

- Amplification factor of VI=E

&~ Transconductance of V=2
C = Capacitance of capacitor to be charged
If all the equations are written in terms of small changes,

they becone

(digt di,) R+ [, + 4i) R =0 (1)
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diyRo+ dec+ [diy+de,) R =
Jéb+ ﬁﬁ;fa&;)ﬁ&==
Je]—f'Jek"‘c/ec -

(2)
(3)
(4)
ddy = gom doy " T dei = (5)

de,- i 2 =0 (6)

dey - (di+ diy) Rx= O (7)

These equations are solved for ig by first obtalning dip/dt

OO O

and di,/dt in terms of 1, and di,/dt, and then solving the
resulting differential equation for 1,.
Subtracting equation (2) from (1) and substituting L

from equation (6) gives

Re — Za (8)

dep Lo Foddn o) Jz,]
|

o N 8 i

di,/dt is obtained by substituting for de, and dey

&
from equations (4) and (3) into (6) so that

. R 4 p L
diy - gm(de. ~de) + £ (diy+ds) =0
Substituting for de, and de, from (7) and (6) gives

L-Lo] R [ﬁi_- IR 94 (9)
7t " TRl T ??LI

From equation (2) one can solve for di, to obtain
d<, = --/-“-,-[dzlk, tde 4 de, A’,.J
i
Substltuting for de, from (6) gives

di [a‘; (R+R) + "'“'t]
R, C

Solving for diy/dt
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JJ;' - dX:g Jo(:ﬁ. R l‘:
i 2 e +_'Fd ’ﬁ,"; + };—Z] (10)

Substituting equation (9) and then (10) inte (8)

yields
dis [pp v + RR R(ut)+ RR
JC 172 °p oIy Ne(p ck”““'”zﬁh’,ﬁ
(11)
ot +ﬁ’.R«+ﬂmJ =0
Now by setting
« = [ARY, + RRAy(p+)+ Rl + Mo Retp]
and
o {
@'[ﬂ.’?'*/ﬁﬁk*ﬂk’}a]’z'
then
of .f_fit:-. +F@41=0
. -£r
A, = ,c".. e 9, (12)
J.l::. . "e'.t :
il R (15)

At this point 1t is now possible to find &), which is
the desired veriable since this is the output potential,

Substituting first equation (9) and then (10) into (7) glves
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dex _ ~Ruvp(RtR) dis . R pfi-t
44 R,l);,f-a”,)/v,’ Jgt RC % tGur)
Whereupon, substituting for i, and diy/dt from (12) and (13)
leaves
_£;r

e _ [c‘;.ﬂ(ﬁ’,*&) A-r| Lo tgoe™
Tt = FAATR] R T tparT R

Then, substituting for o/ and @ gives ¢

-+t
dex _ AR P‘mﬁ.m&mm;« # BBy ppd] <20 €
gt C INAR+LAR tRAR AR A (urd| ]| vptus) Ky

By setting

Y= Laoffe ZeRMEn Rt p 4 Ml pGpt) A
C [l vba iR 1a R Ry + AR A (o) [+ G ]

the equation becomes

-7
dt
which, when integrated gilves .ﬂ

o e o
€ =Cypt= ¥V |1-€F*
[ 4 Ko @
and ir£;t<(.l, the expenential functlion can be expanded and

only the first order term retainsd so that

i « e
i L
or
ek = o tY ¢ (15)
From this it is evident that Y 18 the slope of the éwe&p
CUrve .

If a particular set of values from the circuilt are

substituted in equation (14) 1t is found that
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rgﬂ'_!. 4’_0

7.9 C
Yy = o0.8% éﬂ where ry = 3.5k
[ o

and p = 20,
igp 1s given by

4‘“ = ekﬂ *VO i eCO
R&

and for this particular circuit thils is 166/150,000 volts/ohm.

Therefore

7.8 /76€ /
£ co—— O — amcrny
st /50 000 X C

& 0.97¢€ /0-3 Volts
r C e second

Figure 9 shows the relation bestveen the measured in-
put pulse lengths snd the corresponding output pulse ampli -
tudes for the ranges that could easily be checked. Table II
gives the expected slopes as calculated from the above ex-
pression for the corresponding capacitsnces as well as ths
actual slopes measured at the cathode of the cathode follower
by an oscilloscope., In actual practice a trimmer capacitor
was added where necessary to provide fine adjustment,

The value for Y is critically sensitive to only a few
of the parameters of the eireuit, since in practice Rg>Ryrrp,

Rys If the terms which do not appreciably affect ¥ be

neglected, then cne is left with
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(d) Cq = 2000 ppf Slope = 0.400 v/usec
(e) C = 7000 ppf Slope = 0.114 v/psec
Figure 8
Input Pulse Length
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TABLE 1I

ACTUAL AND EXPECTED SLOPES
FROM THE LINEAR SWEEP CIRCUIT WITH
CORRESPONDING CAPACITANCES

Maximum Expected Actual
Riss Time c Slope Slope
(pssc) (ppf) Volts/psec. Volts/psec,
1000 7000 0,139 0,114
300 2000 - 0.488 0,400
100 8660 1.60 1,16
30 200 4,88 3.86

10 &0 15.9 11,6







Y= 220 88 b Rw t+ RaRupu(ptn)
c [RR Y+ R Rl Gurl][vp + Gt ]

which, upon further simplification, reduces to

5 xé" P = 0?7 £

i
Vo # Caatr) iy c a0

It can be noted here that the value of the slope is insensi-
tive to small variations in Rl. In fact, the remaining ex-
pression for Y is that for the initisl slope of a capacitor
charging to the potential [VO-+ ey = °c] through the resist-
ancse R2 multiplied by the constant, 0,88.

The deviation of the actual slopes from the calculated
ones was & matter of some concern, Several pessibilities
for partial explanstion can be found, In the first place,
considerable difficulty was encountered in msaesuring the
initial ocurrent and the total rise time accurately. On the
basis of several different velues obtained from several dif-
ferent instruments it appears that the uncertainty in all
measured potentials is approximately 10 per cent., In addie
tion to this, the component resistances and capacitences had
tolerances of only lé per cent, In one case the substitution
of a supposedly equal=-valued capacitor for C resulted in a

change in sweep time of almost 20 per cents
By letting V%8 NG - B,

the root-mesn-square deviation of can be calculated from
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w b i
o OF ()| Az%
e EE: l?"‘} ] b

il

Using this on equation (16) gives for JV¥?*

2 L o c—
——t & TR ! _1 g
s =[ o ][V][JV ¢ db , de L db L R Rt
) LRel LvE TR RS

and for the particuler value C = 0,002 mfd, /¥ is

Y= 0.1/3¢ xs0° volts
SecoN

The measursd value is 0,400 % 0,04 volis/microsecond and
that ecaleulated is 0,488 volts/microsestond. Thus, the un=-
certainty in the calculated valus becaase of propagation of
errors 1s larger then the diffsrence bstween the calculated
and the observed values.

one might expsct a systematic deviation to appear be-
cause of stray capacitances in leads, in the 6J6, and in the
VR tube; but the figures obtained do not indicate such a de-
viation, If it does exist it is overqhadowud by the devia-
tion calculated above.

There also remains the possibility of stray induct-
ances producing a lag in the rise time. With the current
through the cathode changing at a rate of 106 volts/second,
an inductance of one mierohenry would produce a back emf of
1 volt., However, slthough the cathode resistor was wire-

wound and would seem to be & good source of the emf, there

lw. Rdwards Deming, Statistical Adjustment of Data
(New York: John Wiley & Soms, inc., 1944), DP. 40.
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was no appreciable change noted when a carbon two-watt
| resistor was put in its place. Of course, the current of 78
% m&, going through this resistor heated the carbon quite rap-
| idly and could have changed its resistaince,

Another point of interest was the fact that the total
increase in the rising potentlial was limited to 120 volts,
Whenever the potential neared this polnt a slight rounding
off occurred and then the potential leveled off,

The answer is found to lie with the existence of grid
current in the cathode follower which, up tb now, has been
assumed to be negliglble,

In ordert o check for grid current a resistor of 2.2
K was inserted in the grid eireuit. When the capacitor, C,
was ¢ harged the potential across this resistor, as measured

on an oscilloscope, was 2 volts which corresponds to a grid

current of about 1 ma.
This grid current produces s potential drop of 180
volts across Rg. The charging eurrent, iy, 1s alse of the

order of 1 ma. &s shown in sguation {(16). Therefore, when

both currents flow through Rg & potontial drop of 300 volts

is produced across Ry which sets a maximum of 150 volts for

e, since the supply potential is 450 volts. The maximum is
reduced somewhat by the current in the VR tube which main-
tains a potentlal drop across Rl.

Grid current also has esnother effect on the output'

pulse. Because the maximum e, is 120 volts while e, 4+ Vo
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attempts to reach 450 volts due to the currenti through Ry
the VR tube draws so little current it will nc longer regu-
late. Thus, 15 no longer remains constant and the slight
rounding off results on the top of the pulse, leaving the
rest gquite linear,

The rate with which the output pulse returns to zero
is 2 function of the first tube of the sweep circuit, The
5963 was picked as giving the sharpest drop from among &
group of similer tubes that included & 12AT7, a 12AU7, and a
12AX7.







CHAPTER III
CONCLUSION

A circuit has been developed to perform the required
function of producing a pulse whose height is accurately
proportional to the length of an input pulse, A required
gating function is also included,

An elementary analysis of the circuit predicts the
observed behavior of the circuit within expected limits of
error,

Some difficulty may be enccuntered in counting very
long pulses. If the counter input time constant is small,
the long pulses will be differentiated. This could be reme-
died by first differentiating and then re-amplifying the
abrupt drop at the end of the sweep pulse; but, since this
drop is not limear, one stands to lose some of the linearity
Just obtalned in the sweep circult. This 1s especially true
for short pulses wheras the drop at the end ls most non~
linear,

The author is indebted to Professor John R, Gresn for
suggesting this analyzer and for much asdvice while it was

being constructed,
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