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ABSTRACT

—d

New unipolar delay-line clippers producing negligible

¥

cancellation remnant have been developed. Near perfect clipping is
achieved using a combination of several types of coaxial ceble trans
formers working as a phase inverter, a new pulse adder

, Or an imp

M
|

dance transformer. Only passive elements are used in the bridge net
wvork. The construction is simple andvthe performance is extremely
stable and wide in dynamic range and frequency band width. Comple
tely symmetrical bipolar pulses arec also easily obtained using

this technique.
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1. INTRODUCTICH

Many papers discussing requirements for nuclear pulse
shaping and filters to compatible with high counting rate and good
energy resolution have been reported. The upper limit of permissi-
ble counting rate is set mainly by the pulse pile-up that occurs
before the first differentiator. The recovery time of the shaped
waveform to the baseline is very important in the reduction of pul
se pile-up which depends on both the pulse width (peak pile-up) and
the base-line restoration (tail pilie-up).

" The linear lumped element network proposed by Blankenship
and N0wlin]—2) has good performance in terms of both signal to noi
se ratio and pulse duration. The pulse waveform is nearly an equi-
lateral triangle and its trailing edge shows a perfect monotonic re
turn to the baseline without undershoot. The noise figure for uni-
polar pulses is comparable to ghat of a single delay-line and RC
integrator filter. In detail, the optimum unipolar noise factor is
1.135 for the lumped element filter network and 1.898 for the sin-
gle delay-line and RC—filter3—4), compared with 1.00 for the cusp
response filter5).

However, with regard to the permissible counting rate ,
the single delay-line clipper is stili superior6) to RC diffaren-
tiators, including the above network, if no usual undershoot nor can
cellation remnant is to follow the clipped pulse. This is especially
true when the clipper is coupled to a fast linear gate and stret-

cher system. In a pulsed beam accelerator experiment, for exampie,



only relatively large pulses are picked up and analyzed precisely
over small but rush background pulses with such a system. A flat
top pulse shape is usually prefered there.

In this paper simple forms of single delay-line clippers
will be described which are exceedingly good in terms of signal
to noise ratio, pulse duration, flat top, counting-rate independent
baseline, stabiiity, linearity and wide band of freguency response.
We restrict ourselves to the case that the rise time of the signal
is always sufficiently short compared with the resultant pulse

width.

2. GENERAL

a. Undershoot

The undershoot following single delay-line-clipped pul-
ses are generally due to two causes; the first is overcanceilation
ocurring when both the attenuation of pulse amplitude along the de-
lay line and the time constant of exponential decay of the original
pulses are small in scale, relative to the clipped width (in Fig. 1,
the line Aw is above D).

In this case a simple clipping, as indicated in Fig. 2,
can be adopted and the sweeping-out of undershoot is easily comple
ted by reducing the amplitude of deiayed pulses by a facfor s
exp(-TD/T), inciuding the proper attenuation along the delay Tine
in order to get ccincidence of the two lines,where TD and t stand
fer the deltay time (i.e., afterwards, pulse width) and the decay

time constant of original pulses, respectively. The reduction s



obtained simply by insertion of finite resistors at one and/or both
ends of the delav-line.

The seventh column in Table 1 shows time constants of am-
p1itude attenuation vs. delay time. Although we can get only a rough
estimation of the conditions to match both Tines, Ay and D in Fig.l,
without knowlcdge of the pulse waveform, we can understand from the
time constants {hat the overcancellation is limited to appear only
in the case of the input pulses of relatively fast decay, of a few
microseconds or shorter in time constant, unless inconveniently
thick cables are used. Therefore, if perfection is necessary in the
cancellation, the simple clipping is limited in use only to the ca
ses wﬁere the appreciable tilt of pulses is not idsturbing.

The second source of undershoot arises from baseiine shift
depending on counting rate, that appears in ampiifier systems em-
ploying interstage capacitive coupling. This baseline shift is eli

minated in totally direct coupled systemsg) or by employing DL resto

9)

rers”’, the latter suffering increase of system noise under some

conditionsg).
That kind of baseline shift is, however, another problem
to the pulse shaping discussed here. This effect is ignored from

now on.

b, Rear Pedestsal

The finite "tce"7), i.e. reayr pedestal or cancellaticen

remnant following the clipped pulses due to under-~cancellation,
appears when both the decay time constant of input pulses and the

ampiitude attenuation of the puises travelling along the delay line
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are large in scale, relative to the ciipped width (the Tine D s
above A_ in Fig. 1). This case is common to fast electronics where
helically wound delay lines cannot be used owing to their relative

1y navrrow band-width.

(i). The first solution to eliminate the toe is by shortening the
decay time constant of input pulses through an RC differentiation
to get the factoer GXP(“TD/T) large enough to reduce the trailing
edge back to complete zero. The differentiation, however, often pro

10’33), even though the

duces nc¢ longer desirable flat-top pulses
original pulses have slow decay and fast rise times. The situation

is similar to the former discussion.

(ii). Another way is tried to eliminate such a trouble as above,whe

re the delayed pulse is subtracted from the input puise i a diffe-
P R , . , . 5o .

rence amplifier ) or a phase inverter and summing awmpiifier bri -

dge'l)

as shown in Fig. 3, the two being equivalent in the end. The
circuitry suitably fits both lines AS and D in Fig. 1, without re-
sorting to additional differentiation, so that the ocutpui pulse will
retain its flat top. Further advantage is that the double matching
of impedance at both ends enables better sheping than the simple
cliipping, practically accompanying no small rinaging often parasitic
to delay~-line network. Thin cables with any degree of attenuation
coefficient can be employed 2as long as the hand width is appropria
te, the relevant data being shown in the fifth columm in Table 1.
The method itself is wellsuited for clipping cither fast

or sltow puises of any decay time constant. A small problem is that

the delay-line bridge needs itwice as long a cabie as compared with



the simple clipping, since a thin cable can now be used. This tech-
nique, however, finvolves the use of an active eltement, i.e. a diffe
rence amplifier or a summing amplifier, whicﬁ strongly restricts

the performance of pulsc shaping due to its finite conmon mode re-
jection or non-linearity in inverting and/or summing, dynamic range,
respense time and additional noises. although several kinds of wide-
band cables are commercially available and easily utilizable for

this c¢lipping.

(ii1). Another solution of subtracting a suitable fraction of the
unclipped signal from the clipped one with a difference amplifier
has been proposed]z). The shaped signal retains its flat top; how-
ever, the circuity also includes active eiements and is further com

p}1cated1a)(

{iv). The DDL {cdouble delay line) ciippinglg) is aiso well known
for its effectiveness. The baseline recovery is good and both pileup
overlcading and low-frequency noise can be minimized.

However, the pulse duration with respect tc the peak pi-
leup resuits in twice as long the corresnonding single-ciipped pul-
ses. A noise disadvaﬂtage}o) is as foilowss; whoen A stands for the
ratic of the pulse width teo the integration time constant of a sin-
gle RC integrator, the noise factor is respectively V.075 or > 1.37
for A = 0 or > 1 4’]4).

The higher noise factor is reduced to the lower one of

- o

the single delay-line clipping by the use of a partially gated fil-

-t

11) . . .
ter '/, the circuitry being complicated.



The teoe is strongly reduced, but, strictly speaking,still

bipolar peaks are ncot perfectly symmetrical

o

remains as long as th
due to the atienuation of the first clipped pulses while travelling

along the second delay line.,

(v). In the cese where the time constant of exponential decav of
g

input pulses and the eamplitude sttenuation of the pulses travelling
alotg the delay line are not too small nor too large, at least ei-
ther of the two extremcs is appiicable, since the perfect cancella
tion after the time TD is exactly equivalent to the perfect accor-

e
i

nal ana-

dance of lines A and D or A_ and D in Fig. 1 and, in a
W S
lysis, to the pole-zero cancel?ation]g) in the comprehensive trans-.

fer function.

c. A Choice of Development

Among the various types of pronosals that have hcen made
so Tar we find that the mode shown in Fig. 3 would be frecr of 1i-

mitations, flexible and perfect for the pulse clippin

[ie)

» dragging
neither toe nor undershcot, if only the active elements in the
bridge could bc replaced by passive ones. Now a way was found. The
problem is how.to obtain the phase inverter and summing circuit

suitable for the purpose using only passive elemen

g
ot
L
.

The phase inverter is nowadays casily obtained with only

pessive elements, that is, twisted-wires or coaxial-cable transfor

mers using ferrite toroids!' o %),

GV, [N
prototypeso 20,15}

s which arc improvements of the

The summing circuit regquires a high-fidelity operation
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wide band

of Trequencies

from extremely 1ow ones to higher

over a 5, o X !
ones, A transmission-line transformer with an extra winding of a
single wire on a ferrite toroid was developed for that purpose, and
feund to work very well.,’

A variable attenuator and a resistor potentiometer held

together thare serve to clear
the normal and inverted signal

Deterioration of the
. . T 15
on long pulses is well known

a

circuit also suffers similar
of that type can be naturally
as to the ciipping operation,
of the input signal waveform o

inverted signals.

. DPERATIONAL ELEMENTS

2

(4

a. Phase Inverter
The phase inverter,
and a ferrite core, has been f

The inverter proposed by I. Ha

lavger than, that described in

brief description will be give

The inverter, shown
fine coaxial cable of 75 cm in

ferrite core. The twe ends of

L

as possible and fixed with a b

out the toe or undershoot by balancing

s in a delay-line c¢lipping bLridge.

phese inversion in low frequency or
)e One channel of the new summing

deterioration. However, weex points

compensated and result in no effect

-

vhen they are absorbed into a change

r set common to both the nornal and

employing a Tength of coaxial line

- . ; G- 27
ully discussed e?scwherej‘ 22’8/).

yashizg), which is5 similar to, but
ref. 29, is employed herc; oniy a
n for the sake of complieteneass.

in Figs. 4 and &, is formed with &

Tength, wound 15 turns on a closed

the

—t
[§+]

cab must be separated as far

o

inding agent, e.9. a tvpe of epoxy



resin. The coaxial cable used is polyethylene-filled and practically
identical to a cable 1.5D-2N, which is bound with a thin cloth ja -
cket of nylon in place of usual solid vinyl to reduce its external
diameter as much as possible, however, the electrical characteristics
are the same as those of the cable 1.5D-2V listed in Table 1. The
characteristic impedance is 500. Inner and outer diameters of the
ferrite toroid are 16 mm and 28 mm, respectively; the thickness s
13 mm. The permeability A is about 3000. The rise time is less than
1 nsec and the decay time is about 50 usec for a step-function pulse
applied with matched impedance at both ends. The inductance of the
cable sheath, i.e. outer conductor, wound on the toroid is estimated
of its input impedance with lowering frequencies (See 3b(i), 4a(i));
The transit time is about 4 nsec. The attenuation is negligibly small
for this length, as estimated from the sixth column of Table 1. The
rise time is also consistent with the results of the fifth column

and the table caption. This inverter can reliably transfer any type
of pulse {excluding DC), at least in principle, apart from the dis-
turbance given to relevant external circuits. The sheath terminal

must be a little distant from the ground chassis (See 4a(vi)).

b. Transmission-Line Pulse Adder

The new summing network with integrated attenuators was
formed with a fine coaxial cable, a single copper wire and a toroidal
ferrite core, as shown in Figs. 5 and 8. The cable and ferrite toroia
are the same as those of the phaée inverter mentioned above. The

cable is 60 cm in length, wound tightly 13 turns and fixed with a



binding agent. The single wire of the same length as that of the
cable is then wound tightly {he sama number of turns in a free gap
on the common toroid, fixed with a small separation between the
ends (a) and (d), and coennected to the cable sheath as indicated
in the figures. As a rule the resistance of the wire should be the
same as that of the cable sheath. (The wire is of 0.5 mm in diame-
ter and about 0.06Q in this case).

However, consideréb]e discrepancy in resistance adds only
a small effect to the final result, so that the equality is prima-
rily for the sake of easy discussion (See 3b{iv), 4d). The variable
resistor VR is used with the resistor r for both matched termination
of the cable and appropriate attenuation of the amplitude of input T.

The resistors R]-and R2 of the same value are inserted
with the aim to keep tﬁe inpedance of point (c¢) low a wide range of
frequencies (See 3b(ii), 4a(v)), and to make sure of an attenuation
factor, i.e., one half the amplitude of input 2. The inductor poten
tiometer consisting of the cable and single-wire windings also
shares a role with the resistor potentiometer. The factor "one half"
has an important meaning (See 3b(i), (ii))and is also useful for
simplicity of consideration and construction, and is applicable un-
changedly up to the length of delay Tine corresponding to 6 dB of
attenuation, e.g., about 1 km of RG-8/U cable or S usec in its
delay time, as seen from Table 1.

Details of the function of this puzzle ring are given

stepwisely below.
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(i). Channel of The Input 2

The resistance and inductance potentiometers composed of

R}, R L, and L, are of equal arms over a wide range of frequen -

27 1 2
cies from DC to higher ones. Therefore joint (c) always builds one
half the potential of input 2 whatever are the circunstances around
input 1, as to connection and applied voltage, as long as the follo
wing are valid; (A). A load impedance applied to point (f) is suffi
ciently large compared with the impedance of joint (c) relative to
ground (See 3b(ii)).. (B). DC resistance of the cable sheath is
negligibly small compared with the characteristic impedance. Condi-
tion -(A) is often difficult to be fulfilled. However, the bulk of
relevant effect is usually a shift of the potentiometer ratio down
to the ground. This effect can be cleared out, in principle, insert
ing a resistor RL into the points (f) and (d), apart from the coun-
pensation of parasistic capacitances.

It is convenient and sufficient to settle the value of
resistor Ri to be the same as the load impedance RL so as to form
an additional equal-arm potentiometer along with the load. Then
point (f) also builds a half potential of input 2 and the load
effect disappears.

As a matter of fact, the load impedance owing to the suc-
ceeding stage is not constant nor known exactly. There mzy be some
discrepancy between the real impedance and the supposed one. Fortu
nately, if such a residual effect is small, it is avtomatically
involved and compensated in the final adjustment of the variable

attenuator VR, and practically Teaves no more problems (See 3b(i1)

Ga(i), (v)).

b



The whole inductance between points (a) and (d) is about
3.8 mH at a low frequency, which brings about a considerable decrease
of input impedance of channel 2 as the relevant frequency falls
down; therefore it gives an additional tilt to a response for a
step-like input signal, the situation being similar to that of the
phase inverter. The degree of tilt is dependent on the source impe
dance prior to the system,. as well as on the inside conditions, and
is not simple. However, the division factor of the potentiometer
"one half" persists at all events for the pulses introduced through
input 2. Also there is a way where the impedance variation can be
absotbed into the deformation of input pulse waveform and results
in no effect on the toe or undershoot (See 2c, 4a(i)).

On the contrary, the slight enhancement of tilt is put

to good use in the final network (See 4d).

(ii). Channel of the Input 1

The coaxial cable from point (a) to (b) is short and ter
minated appropriately with the resistors VR and r in parallel, no
inversion occuring.

The cable infinitively long or properly terminated is
considered a resistor of its characteristic impedance, as long as
the resistances of inner and outer conductors are negligibly small
compared with the cable impedance and, in the network, their induc
tive coupling on the ferrite toroid is perfect. Here those condi-
tions are true. Then, in principle, the short cable is fully relia

ble for transmission of any type of pulses (excluding DC), (See 4b(i)
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(ii) as to its limitation). However, the load impedance gives some
trouble here, too. A major effect of the load impedance involved

in channel 1 is a reflection of the input pulse due to some degree
of newborn mismatch of impedance at the endpdint (b)=(c), when a
long cable is set prior to the input 1. An effect coming from stray
capacitance is again ignored here.

Joint (c) properly views the ground through the two re-
sistors R] and RZ’ as well as the two coils Li and L2 composed of
the cable sheath and the single wire. The coils are all wound tigh-
tly on the common ferrite toroid, the same number of turns, with
very small DC resistance and now looked contrariwise to each other
from.point (c). Then if dinput 2, point (d), is grounded and the in
ductive coupling coefficient k between the two coils is unity,
joint (c) also looks grounded. In reality, however, the source im-
pedance put to (d) is finite but kept normally below that of the
cable. The constant k is still smaller than unity, frequency-and,
strictly speaking, current-dependent. Therefore the impedance of
(c) is raised by a certain amount. The amount increased does not
exceed, at any rate, 0.7 times the value of R] or R2 which is pre
viously set small and comparable with the cable impedance. This is
one of the reasons why such an additional R-potentiometek is inser-
ted in parallel with the inductance one. The‘other reason is to
suppress any stray capacitance effect around there.

Thus a slightly larger impedance than a full or a half
value of load impedance,according to the presence of the compensation

resistor Rt, is effectively connected in parallel across points (f)



and {¢). It is then necessary to correct the whcle resistance of
the pair of m2in resistor VR and supplementary tevminator r by a
suitable amount. |

For that purpose, it is convenient to set VR several tens
per cent larger than the cable impedance, and r more or less ten
times as large as that, when the load impedance is previously esti
mated large but not sufficient. Adjusting operations of the slider

positions of the two interfere somewhat with each other.

fe3)

Yet, a correct match of impedance is not expected on
realistic basis, since usuzlly the input impedance of the next

st

ot

ces is not known exactly nor constant. Also a situation around
the impedance variation of (c) is similar. Therefore it is always &

better policy to connect it to a sufficiently large encugh load im-

wle

pedance not to need a compensation resistor (See 4a(id

A vy w
yY. Ia orac

tice, however, it is shown unnecescary to worry much about

~
e
o
>
o
i

matching of the impedance. For example, 50% deviation of the resis

tance RL from RL produces at most 0.5 and 0.03% refiection for R
of 1k and 10 kQ, respectively. The corresponding centribution to
the final summation operation appears delayed by the same time as
the clipping width after the trailing edge of the clipped pulse.

The estimate was made only on the basis of

LU

simple circuit theory
{See 4da(v), (vi)). Further discussion will bhe given in 4b(ii1) as
to the frequency-dependence of the characteristic impedance of

cables.

(iii). It is hitherto known that there is nc interference between

channels 1 and 2, as long as the load impedance is sufficiently
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large, or its effect is small and finally cleared out (See also
ta(iv)). The factor of potentiometer "one half" persists always as

to any pulse coming into channel 2. On the other hand, the pulse

into 1 anpesrs across the endpoints (b) and (c) with high fidelity.
Then, in principle, we get the following relation without disturbence;

v = aV

1y
out. 7V ()

1

V], V2 and Vout are the voitages of input channels 1 and 2 and out-
put, respectively. o is a given attenuation factor on the whole of
channel 1.

The weighted summation is valid over a wide range of fre
quency excepting DC. When a is set to 1/2 including a1l effects of
attenuation in channel 1, a simple summation is obtained.

In addition, an inversion in polarity of V1 or V2 ney -

forms a simple subtraction.

(iv). The present validity down to extremely low Trequencies s
vital to the construction scheme of complete delav-line clippers
that work even for the ideal step~-function sigral.

For nuclear pulses, the validity down to DC itself s
not required. since their decay time constant i3z usually set to
approximately 50usec or shorter, and the following is well known;
in the casc of a structure in which the low-frequency response Talls
down with a slope of 6 db/oct, accompanied by a ¢0° phase advance,
50 usec of decay time constant of response to a stepfunction sig-

nal corresponds to about 3 kiz of low-frequency cutoff in charac-
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teristic (See, e.g., ref. 7), and, of course, practically indicates

no presence of DU component.

G, SINGLE DEPAY-UIND CLIPPERS COMPOSED OF PASSIVE FIEMENTS

Figs. 6-8 stow a new construction of sincle delay-line
clinpers by means of the components mentioned above. The schemes are
identical to that in Fig. 3. Generalities have bcen described in

secs., 2b(i1i) and 2c. The following are to supplement them.

(i). Together the phase inverter and channeil 2 of the pulse adder

i

distort the input waveform in such a way that the decay t

-t

me cons-
tant is sligntly shortened, depending upon the source impedance,
since they behave partly iike inductors aagainst thae preceeding
stage. At any rate, however, the instantancous absolute ampoliitudes
of the incoming and that of the outgoing pulses are always identi-
cal at the phase inverter besides the short transit time. There-
fore the same puise ampiitudes, in a sense of absolute value,apply
at any instant to both the pulse adder and the apprapriotely termi
nated delay 1ine in the network.

The pulse adder is also known to be sufficiently reliable
to yield a perfect sum pulse made of the ncrmal or inverted tnput

and the corresponding delayed one with cpposite polarity relative

to the Tormer, in accordance with eq. (1). The sum pulse here means
the delay-line-clipped pulse with just one haif the amplitude of
the input fed to the system. When the variable attenuator is pro-

perly adjusted according to the intrinsic attenuatior of the delay
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Tine used, the resuiltant has neither toe nor undershoot. "Jdust one
half" is here somewhat symboiic. A slight deviation of the factor
due to the variation of potentiometer components is practically

absorbed into the final adjustment of VR.

(ii). The proceeding discussion itself is valid for both types of
clipper shown in Fig. 6, and we can easily get either the normal
clipped pulse or the inverted one dragging neither toe nor unders-
hoot by the use of a switch indicated in Fig. 7. However the input
impedance of the system and the termination condition concerning’
the phase inverter and delay line make a difference to both, then
it may result in a slight readjustment of VR. For pulses with slow
rise time the situation shows no difference. When the sum value of
R] and R2 is set equal to the cable impedance of the phase inverter,
hence delay 1ine, the difference also nearly disappears. On the
other hand it is not desirable for the double matching of impedance
of the delay line. The normal type of clipping serves in ail events.
Since the phase iﬁverter and pulse adder can be constructed in
common or different impedance with thin cabies of 50, 75, 93 Q, etc.
commercially available or with several twisted wires of > 85 Q(See,
e.g., ref. 7), it is usually possible to match the impedance at all
points in either type of clipping. However, each cabie, or twisted
pair, used Tor the inverter or adder is shorter than 7% cm, and
then perfect matching is usually not required.

As an example, the choice ¢of R] + R2 as 110 or 150 Q
gives the best match to the 50 2 normal clipping system in the case

of 93 or 75 Q source impedance, respectively. The value of 200 Q
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for a set R? + R2 is practically most tolerable to the 500 normal
¢lipping system freom the viewpoint of the double impedance matching,
since it makes an input impedance of 40 Q and gives, against the
input of the phase inverter and delay line route, an impedance of

63, 55 and 40 § accerding to the output impedance of 93, 75 and

50 2 of the preceeding stage, respectively.

{(iii). When the load impedance RL is sufficiently iarge, it 1is not
necessary to insert the compensatiocn resistor Ri. The supplementary
matching resistor r is also unnecessary. By assuming that the in-
ductive coupling coefficient k between L} and L2 is unity, and
peint (d) is grounded in order to get an overestimation limit of
pulse reflection at the worst condition, the undesirable change -8R
of effective termination resistance due to the connection of load,
and the reflection coefficient T on the basis of simple circuit

theory are estimated as follows,

2
< R, / (2(R.. + R_.)(R, + R_.) - RZ.) (3)
- cf t bf cf/ V"L cf ‘cof

where Rbf and Rcf stand for the resistance between the points (b)

and (f), and the (c) and (f), respectively. Taking as R,.,. + R_,=50Q

bf cf
and Rcf / Rbf = 7/3, we get that T < 1.2, 0.6, 0.25, 0.12 and 0.06%
for RL = 1k, 2k, 5k, 10k and 20 k Q, respectively.
The percentage of V] contributes to a summation delayed
by the same time as the ciipping‘width after the trailing edge of

the clipped pulse. This type of contribution cannot be cleared out
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by readjustment of VR. Thus we find that the condition of suffici-

ently levge resistiance means usually PL > 20 k@ for the 500 systen.

(iv). In principie, some kind eof interference from channel 2 to 1

, whether the load impedance is sufficiently large or not.

424
>
-t
]
-
v

AY. tven thoughn RL is sufficiently large, an additional sheath

P

current induced by another electromotive forco unreiated to the
pulse transmission (hence the damping effect'is ignored here) may
make a discrepancy between the voltage amplitudes of the inner and
outer cenductors at point (a) and (b) owing to the finite conduc-
tance along the cable and imperfect inductive coupling of the win-
dingé, i.e. the inner and outer conductors. However in practice it
has no effect on the result since the usual nuclear pulse has a
decay form looking as if it has been transmitted throuah a high-
-pass filter with a low-frequency cutoif of 3 kHz or higher (Sec
3b(iv)}; then extremely low frequency comporents contributing main-
1y to such a effect,i.e. those corresponding to the vreactance com-

parable to the DC resistance, are scarcely included in that pulse.

(B). When RL is not large, a cross talk from channel 2 to 1 appears
accarding to the slider position of the variable attenuator VR. Pro

vided the cable is properly terminated with Z, and the voltage indu

3

ced on the inner conductor is ec

>

2
¢

wal to that of the outer one, the
new voltage Vi trom channel 2 to peint (f) of channel 1 is as

follows,

N o

(4)

o u-

cf (1 * Rys
R +
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The polarity of Vi is opposite to VZ'

Let Zi'u 50 @, = 35 Q, Rbf = 15 @ and R, = 20 K Q ,

n
“of L

then Vi is estimated approximately 0.06% of VZ'

(C). The cross~talk pulses mentioned above appear finally at the
input of system in more reduced size, taking exactly the same time
as that the original pulsc needs fof arriving at the point (f)
through the same route, i.e. the cables of phése inverter, delay
line and pulse adder.

- The timing of the cross talk participating to the summa
tion coincides exactly with that of the proper delayed pulse. Thus
such type of cross tailks are buried in the final adjustment of the
amplitude of delayed pulse. A slight deformation of the cross talk
pulses, suffering anew by inductance of the inverter and adder, con

tributes much less.

(D). Of course, introducing the Ri appropriateiy clears out the

cross talk.

-

(v). In the case that RL $ 20 k ©, furnishing with a supplementary
variable resister r is usually preferable for correct termination

of the cable, h@nce>R£, tco. In that case, reflection in channel 1
caused by an inappropriate Rﬁ comes out.

Putting primarily R

]

Ry = Ry, AR = R/ - R

f
£ L

s kK = 0, L1l
and L2 are very large, then the effective load RE connected across

the points (f) and (c) is estimated as follows,
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Where Hi = 22 + 2R, wz = R + RL , N3 = 22R + h]RL and 22 is the
impedance viewed from point (d) looking back towards input 2. Assu
ming 2R = 200 @, 22 = + 50 @, all cables are of 50 Q@ and the amount
of scatter of RL from RL is 50% of RL’ then the second term equals
to approximately 10']RL for RL >> 20. 50% deviation of Ri results

in less than 20% scatter of RE. Further putting Rcf + Rbf = 60 Q

and R /R - = 7/3 in addition, then the reflection coefficient T
induced by 50% ineqguality of Ri is obtained, nemely, T = 0.5, 0.3,

0.1 and 0.03% for R, = 1k, 2k, 5k and 10 k @, respectively. The

L

amount decreases with better choice of Ri. A fraction cf'V] sligh-

tly deformed and limited at most by the above factor appears at th

s

input of system and causes dragging a delayed toe or undershbot,

This kind of effect cannot be cleared out without an ap-
propriate choice of Ri (See 4a(iii)) or readjustment of r.

The primary assumption on L1, L2 and k is in fact partily
not true, especially in lower frequencies, but any fluctuzticn of
their values results in at most 60 Q@ difference on RE. The contri-
bution to the reflection is limited respectively within about 50,
25, 10 or 5% of each reflection coefficient I mentioned above in

the case of 50% inequa]i}y of R

]
.

L
Aithotugh this kind of effect can be redu-

The contribution decreases rapi-

L
ced with a lower value of R, the use of RL over 2 .k  1s usually

dly with increase of R

agreeable with the above parameters.

(vi). The above treatment on pulse reflection based only on a

simplie circuit theory represents an overcsimplification.



Leaving aside the fTabrication accuracy of the cable,therc
are still many causes of microscopic pulese reflection, such as
(A) the use of rumped resistor across the cable, (0) stray or equi-
vailent capacitance (Sce the foliowing section) around the terminater
or junction, (C) simple joint of the delay line and the cables of
phase inverter or pulse adder of very different diameters, (D) the
finite damping of energy traveiling outside the ceaxial sheath in
the coil mode, etc. Such particulars invalving higher mode propaga

tion have been given in, e.g., refs. 15, 20 and 30.

b. Suitahle Cables

Strictly spesking. all the abuve discussions are not al-
ways true as far as the fidelity of transmissicn line and constancy
of its impedance with & frequency, from extremely low to hicher ,

are concerned.

(i). Fidelity of Transmission Cables

Phase-frequency distortion and amplitude distorticon due
to frequency-dependent attenuation, are the largest limiting fac-
tors at the usual nuclear pulse clipping from 50 nsec to 1 usec
in width. |

For the construction of the phase inverter and puise adder
onty a few cables are commercially available, but twisted wires
can also be used. Their necessary lergth is chort and then they
easily fulfili the usual requirements over the frequency region of

interest for the processing of nuclear pulses, as already mentioned
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above. Practically they do not deteriorate the rise time of the re
sultant puise. On the other hand, the delay line cable used to de-
fine the clipping width is usﬁal]y very long; therefore the distor
tion of pulse waveform suffered during the passage violates to a
nonnegligible extent the good similarity expected in waveform bet-
ween the normal and delayed pulses put into the pulse adder. The
cable effects cannct be compensated comp1ete]y by ordinary net-
works and lead to a short drag of deformed toe or undershoot. An
amount of damping itself has no interest in this clipping network.
Utilization of thin cables isn't kept at a distance any more because
of its loss in coatrast to former times. Small-sized construction
of the delay 1ine unit enables good shielding against external
noises. Rise time response or band width of frequency is now one
of the most important measures in the cabie selection from the
viewpoint of sharp~cut trailing. |

A uniform rectilinear 1ine shows such a peculiar step-
-function response, as a relatively rapid initjal rise is followed
by a very slow approach to the final amplitude of the pu]se7’]5).
The relevaent description has been given briefly in the caption of
Table 1. Notice its dependence on the length of cable used. In
practice the rise time is to be taken as approximately twice the
specified value, due to the cabie deficiencies and the equivalent

capacitance lumps associated with entering the cab?eszo’so’gs)

Jetails on transient analysis of coaxial cables considering skin
effect have been given in refs. 16 and 17.

The utilization of a distortionless cable mentioned below
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solves the whole problem, since the attenuation and velocity do
not increase with frequency and are still constant for all frequen

cies.

(ii). Characteristic Impedance

The general definition of the characteristic impedance

of cable is

/R ¢ jul
Zo N G + JwC (6)

where R, L, C and G = total series resistance, inductance, shunt
capacitance and leakage conductance of line per unit length, respec
tively. .

At sufficiently high frequencies (e.g., for RG-58 A/U cr
1.5 D-2N, f >> 3.5 kHz or 120 kHz, respectively), the characteris
tic impedance is & constant pure resistance equal to V#E7E ohms.

At low frequencies where R is comparable with wlL and G comparable
with wC, the characteristic impedance varies with frequency, and
approaches vﬁg;g as the freguency approaches zero. On the other
hand, only if RC = GL, the characteristic impedance is independent
of frequency and always the real constant vﬁ?E (See, e.g., refs.
34-36), which is the condition for a distortioniess cable.

A rectilinear cable for which G, but not R, is negligibly
small is commonly availabie. In this case, the presence of conductor
loss has the obvious effect of attenuating the signal, as mentioned
in the above section. Ancther and less c¢cbviosus effect of the con-

ductor resistance, is that Zo is no longer a real quantity in lower
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frequencies of nuclear interest;

Y, ‘
Z=\/£(7°'%E) (7)

~

The form of this expression shows that the impedance of
the infinite cable has a capacitively reactive componentss). Thus,
for a sending-end generator of step-function pulse, the usual cable
of finite length, properly terminated with a resistor, behaves as a
time-variable load impedance which increases gradua11y but clearly
from the so-called characteristic impedance (i.e. the 1imiting va-
Tue in higher frequencies) to higher during twice the one-way tran
sit iime\(N.B. the usual matching of impedance using a resistor
fails in Jow frequencies due to the frequency-dependence of charac
teristic impedance). Yhen the source impedance is finite, mainly
the delay line used for definition of c¢lipping width distorts the
common input waveform, for example, of 2 simple step function to a
folded curve consisting of an initial intrinsic rise, reiatively
lTong slow slope and succeeding neariy flat top. In the clipping ,
it gives rise to a limited drag of toe or underchoot with a small
bump at its end, in addition to the degradétion,of sharp-cut trail
caused by the peculiar rise behaviour of transmitted signai. The
| dragging time is, in this method, very nearly the same as the pul-
se clipping width. It is impossible to eliminate the toe or under-
shoot with an ordinary network due to such a complicatedly deformed
input. Some reduction, however, can be attained by insertion of,
e.g., an inductance-resistance shunt zcross its input or by use of

a preceeding amplifier with scurce impedance as low as possibly
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allowed by the frequency-dependent input impedance of the delay-
-line clippers with sacrifice of the top flatness of the clipped
pulse or two-way matching of impedance, respectively.

Although, in general, the use of lower attenuation cable
gives less troubles of that kind, if the distortionless cab1e34-36)
is available, the problem entirely disappears. The distortionless
cable could be made by using poorer insulation and thus increasing
G, but oniy at the expense of large, if uniform, attenuation35).

An amount of damping itself, however, has no interest in this clip

ping network. Thus the distortionless cable is much preferable.

(iii). Use of Impedance Transformers

In the case of the use of helical line the termination
practice requires some consideration such as flaring of the win -

]5). In addition, insertion of impedance transformers on both

ding
sides of the delay line is preferable, since it normally has con-
siderably higher impedance. However, only the alteration of termin
ating resistors VR and r, without the use of one or two of the im
pedance transformers, is often tolerable for the processing of
slow pulses, which must be experimentally found. Impedance trans-

formers using a thin cable, twisted pair or multifilar-winding and

a ferrite toroid have been described e]sewherels’20'22’24’26’28’
29,31)

c. Ferrite Toroids

The larger the core permeability, the fewer tiurns are

required for a given low frequency response and the larger the over



-27-

all band width21). The equivalent shunting resistance and induc-
tance values in energy travelling in the coil mode are approxima-
tely proportional to the square of the turns and the core cross-
-sectional area. The inductance 1is inversely propértionai to the
mean core circumference. For this reason, a toroidal core of small
over-all size should be used when possible, lTimited by either win

dow size or saturation of the corezo).

The usual maximum uQO pro-
duct criterion is not valid in this case. Instead a high value of
Mo and a large value u/e (the ratio of high frequency pearmeabili
ty to high frequency dieletric constant) are desirable for Tow
frequency response and keeping the equivalent shunt resistance
high?0), |

The above details have no direct effect on drag of the
toe or undershoot, nor on the pulse height of clipped pulses but =z
slight effect on variation of deformation of the input waveform,
hence, waveform of the clipped pulse in vicinity of its fop. How-
ever, as to the low frequency response, it has been reported that
the decay time constant is not single but impiies an increase of

effective permeability with timezo).

The effect may cause a toe
by a reason similar to the time-variable 1oad impedance mentioned

in the above section (ii).

d. Decay Enhancement by the System

This delay line clipper transforms the input step-function
form to a waveform with a tilt. The effect slightly deteriorates

the flatness of the pulse top. On the other hand the effect due to
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!

the break of similarity belween the normal and delayed pulses often
arising in low-freguency regions is d¢iminished and the possibie
slight inequality of the potentiometer arm of the resistors R] and
R, or DC resistance of the inductances Ly and Lo, results in no
effect against settling of the bassline, since the frequency compo
nents in connection with the above arec scarcely included.

By the way, when we adjust the clipper system best, using
a pulse generator with decay time constant of 50 usec, ithe toe or
undershoot appearing due to the deviation of a given intrinsic de-
cay time constant T] (usec) from 50 psec is estimated to be within

A%

1 1 ,
A < 160 IEXD (_ST)- - *T-:") TD - ll (6)
or,
A < 2TD(usec) - for Ti = 25 usec v w {(2)

Then, for example, in the case of 150 nsec ciipping, it
is unnecessary to readjust the system over a range from T]=25 usec

to infinity when 0.3% of toe or undershcot is tolerable.

5. CONSTRUCTION OF A DOUBLE DELAY-LINE CLIPPER

An ordinary combination13)

of two simplie delay iine
clippers and an interstage buffer amplifier between them cannot
make a perfectly symmetric bipolar pulse, nor acheive complete removal

the cancellation remnant because of the canceilation remnant of the
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first ciipping, andkor the amplitude damping along the second clip
ping cable. On the other hand, the replacement of any one of the
two simple delay-line clippers by the new clipper, brings about
nearly perfect restoratioﬁ of the basceline, and the replacement of
the two makes a perfect bipolar pulse in the sense of its pair sym-
metry and baseline restoration.

A different type of delay-line clipper supplying bipolar

32) can also be transformed into

pulses using only cne delay 1ine
passive element construction. For that purpose it is sufficient

to raise up the resiétance of the terminators VR and r to very high
values in the new pulse adder, then the new clipping netwerk beco-
mes equivalent to the whole circuitryalready proposed.

The cable effects (See 4b (i)(ii)) cannct be compensated

by the bipoiar pulse method.

6. EXPERIMENTAL ARRAMGEMENT

Although many kinds of precise measurements are to be
exhausted for completion, the construction of networks with such
totally passive elements as the mentiored above guarantees before-
hand the gocd stability, noise figure, rise time, linearity and
dynamic range of the delay line clipper; the fast part of the pulse
or rise time is not affected by the long delay line (See 3z, 4b(i))
or lthe characteristics of the ferrite core (See 4c); the linearity
eand dynamic¢ range are disturbed oniy indirectly through the decrecase
of inductance ¢f the transmission-line transfeormers for the slow

(flat) part or low frequencies, if saturation of the ferrite core
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occurs due to abnormally high and‘long relevant signals.If not,

or in usual nuclear instrumentation, they are expected to be extre
mely goocd {See 3a, 4c and refs. 23, 21 and 28). As to the trail of
the clipped pulse, the ﬁti]ity of this technigue and the propriety
of the discussion of the complete cancellation are demonstrated
here with photographs.

A circuit diagram of the single delay-line clipper is
shown in Figs. 5-7. The first circuit was desioned specialiy for
nuclear reaction experiments with a short burst beam of about
2 usec in durations and for this reason a 100-nsec clipping time
was chosen and a fast amplifier of high input impedance with small
capacitance, consisting of a field effect transistor (Toshiba,
2SK19-BL) and an integrated circuit (NEC, uPC 103A) was equipped
benind the direct output (f) as the cable driver stage to send
the pulse a distance of 30 m. An inductance-resistence shunt was
alsc attached across the input in order to reform the distortion
of the input waveform mentioned in sec. 4b(ii). In addition, a va

riable resistor of about 22 k Q was inserted in parallel with R2
to help, in practice, the fine adjustment ¢f VR. Cther parameters
of the components used are; R, and R,: 102.5 @, r: 370 Q(at maxi
mum), VYR: 72 Q@ and DL: RG-58A/U of 20 m.

The whole circuit built in a NIM standard bin is shown in
Fig. 8, where SW, Adj and VR2 are the polarity switch, variable re
sistor of maximum 500 @ forming a part of the inductance-resistance

shunt and variable resistor in parallel with R2= respectively. The

inductance was of about 40 uH. The trensmission-line transformer
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used as the phase inverter and pulse adder are also indicated in
the photograpn.

Fig. 9 shows typical input and output waveforms observed
with an oscilloscope (Tektronix 7503; the input impedance of its
probe is 1 MQ with capacitance of iless than 2 pF in parallel). The
vertical sensitivity'(mV/div) and horizontal sweep rate (nsec or
usec/div) are displayed in each photograph. A pulse generétor with
output impedance of 50 Q was also used.

Photograph 1 demonstrates that the folded deformation of
input waveform due to the frequency-dependence of cabie impedance
was well reduced by the inductance-resistance shunt. The first
bump‘afound 100 nsec in time lapse is due to the cross talk of the -
fast part of the signal between channels 1 and 2 thrcough the effect
of the stray capacitance at the direct output (See 4a{iv); the dis
cussion is applicable to the capacitive load). The second bump
around 200 nsec is due toc both the reflection of the fast part of
the signal by the stray capacitance at the direct output (See 3z
(i), (ii)) and the trace still remaining even after the reformation
of the input waveform (See 4b(ii)). It is necessary that the load
capacitance at the direct output be kept to an absolute minimum
{usually,< 5 pF), if suchra reflection is to be ineffective in the
pulse height analysis. The variable resistor, r, is to be adjusted
on spot because of the deviation from the nominal value of the so-
-called characteristic impedance of delay cable and its slight in-
terference with the slider position of VR (See 3b(ii)).

Photographs 2 and 3 show examples of under-cancellation
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t.~.1ting in toe and over-canceliation resulting in undershoct ac
cording to .. ezcess and shortage of attenuation of the delayed
signal, YESPeCtiV91Y-Aﬁﬁéi@c*anhs 4 and 5 show the best balance
that exists halfway between them, o

Photograph 6 shows the other example obtained with use
of thinner delay cable 1.5D-9EN of about 90 m, when the shunt in
ductance was chahged to 82uH. The leading spike is due to a charac
teristic of the amplifier. |

To obtain a precise balance, a set of, e.g., double-step

pulse generator, fast linear gate, pulse stretcher, multichannel

pulse height analyzer, etc. should be used.

7. CONCLUSIONS

It is usually required at the direct output of the singie
delay-line clipper that RL > 2 k Q, stray»capacitance < 5 pF and
Ri is to be inserted for RL < 20 k . The selection and adjustment
of the circuit parameters are not critical.

The utility of the new pulse adder is that it easily
performs the perfect single or double delay line clipping.

However, the finite differential nonlinearity or limited
dynamic range of the preceeding stage pridr to the delay-line
clipper, i.e. usually a preamplifier, may hurt the ability to some
extent, due to the pile-up possibly existing there. Those clippers
are especially expected to give fuil play in such a field as nuclear

reaction experiments using a pulsed beam accelerater. The develop-

ment is to form a part the preparation program of photonuclear reac
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tion cruc»iments using a solid state detector system and an ordi-

nary electron tiu:~+ accelerator.
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Relation botween an input sigual decay with time lapse
and an amplitude zttepuation when the pulse propagates
along the delay line, at a given timc represented by
the TD unit scale.

Av or Aq: weak or strong peak amplitude attenuation of

delayed signal, respectively. D: decay lapse of input

amplitude. a: instantaneous aunplitude. dv or d_: delay
W Y

time corresponding to the peak amplitude attenuation by

1 . .
a factor e for Aw or AS, respectively. T: decay time

constant of input signal. TD: clipped pulse width,

Simple delay-line clipper (short circuit type7)).

Delay-line clipping bridgell .

Phase inverter.

a and a': inner conductor. b znd b': outer conductor.
1.5D-9EN: (Fujikura-Densen Co., Ltd. 1-5-1, Kiba, Tokyo
135); which is replaceable by 1.5D-2N (Daiunichi-Nippon-
-Densen Co., Ltd. 7-3, Umeda, Osaka 530). HSA"T16:Tokyo~
-Denki-Kagaku-Kogyo Co., Ltd. 2-14~16, VUchikarda, Tckyo
101).

Transmission-line agdder.
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Schemes of single delay-line clippers.

(a): normal. (b): with polarity inversion.

Single-delay line clipper with a polarity switch.

Photographs of a single-delay line clipper with an ampli

fier.

Pulse photographs (1-5: using 20 m of RG~58A/U cable,
pulse width ~ 100 nsec. 6: using about 90 m of 1.5D-9EN
cable, pulse width & 450 nsec).

1: input wavefornm, 2 and 3: 'direct output' waveforms
obtained by wroﬁg adjustment of VR resulting in toe or
undershoot. & and 5: 'direct output' waveforms at the
best adjustment of VR. 6: ‘'amp. output' waveform with

the best adjustment.



Heli¢al Lines

TA3LE ]

PROPERTILS OF SOME COMMERCIAL CABLES

«xx (External | Characteristic | Delay. | Risetime (10-20%) Attenuation Propagation time
Type diasmeter impedance time for a step-function to damp the amplitude
(oam) (2) nsec/m)| pulse entering a T - by factor e
1 usec delay line 1 Miz 4 MHz 7 Miz 10 MHz 30 MHz (us)
RG~65/U 10.3 50 140 ~ 60 ns 7) 180 db/km - T 706 db/km {1310 db/km 6.6 (1 Miz)
UH-1500 9.8 1500 260 3 ns 7) — o} 2.2 db/us : 3.9 (7 Miz) |
HP-1630 7.0 1800 3500 O ns 7 1.9 db/us ) 4.6 (4 MHzZ) ;
2000 9.9 2200 360 35 ns 7§ - -} 2.2 db/ps 3.9 (7 Miz) 1
HH-2500 7.6 2500 . 2000 105 ns * 1.6 db/us : 5.4 (4 MHz)
HH~4000 8.0 3800 3300 130 ns  7) ¢ | 2.5 db/us 3.5 (4 Miz)
i . .
Risetime (0-50% . (do/km) ‘
} for a step-function o .
. . pulse entering a , (1 ¥iz)
Rectilinear Lines 150 nsec delay line 1 Miz - 10 MHz . 100 MHz - 200 MHz 1000 Mz
AVIZE ’ o 400 MHz
"5027 25.8. 50 4.1 ~ 30 ps  *¥ 1.5 . 4.8 . 17 ( 38 ) 24
RG-19/U 28.5 52 5.0 53 ps  7) 1.7 6 - 22 135 25
KO- 87T 10.3 52 5.0 0.35ns  7) 5.7 19 69 295 7.6
Ro- 87U 10.7 51 5.0 0.35ns * 5.7 19 66 275 7.6
RonG54/Y £.0 5 5.0 1.8 ns 7) 14 - 43 174 722 3.0
Ro-62 /U 6.2 93 4.1 0.71 ns  7)% 11 33 102 328 3.2
RG-63 /U 10.3 125 4.1 0.3z ns  7}* 8 20 66 230 4.4
36~2V 5.8 75 5.0 1 ns el 13 42 184 3.4
I0=2V 5-7 ?O 5.0 - ].5 ns *x 14 46 ?]5 3.1
1.5C~2V 2.4 75 5.0 ~ 4 ns ¥ 27 83 389 1.6
L ipo2y 2.4 50 5.0 ~  &ns  kx 2 85 285 1000 1.7
N50-2.2 2.? 50 4.8 1.7 ns  ** 5632 * 190 . 610 0.66 (10 Miz)
MIE50-3 .6 3.6 50 4.8 0.6 ns ¥ {24, * 110 360 1.7 (10 MHz)
Es;im;ted by authors from puise photographs or data in the manufacturer's catalog, or from slight revision based on
ref. ' ' : . B '
*x

N.B.

Estimated roughly by authors based on refs. 15-17.
**% Manufacturers supplying data are Showa-Densen-Denran {Kawasaxi 210, Japan) for RG-65/U and RG-19/U n RG-63/V ,

Hitachi-Densen
AF(ZEN50-7 and 3C-2¢ ~

MX 50-3.0.

(2-1-2, Uchinomaru, Tokyo 100) for HH-1500 ~.MH-4000 and Dainichi-Nippon-Densen {see Fig.4)

for

As to tre rise time for a unit-step-function pulse, two kinds of definition are employed. The (10-90 %) rise

time fco a helical delay line increases

rise tire for a rectilinear uaiform line increases with the square of the lenght

- o 1, 7 \
factor v 68047 (n-20 accerding to refs. 15-16) so as 43 be transformed to the \]C-9QLS

erpirically roughly with the square ropt7?f the length7).
P

The

(0-50 %)

d must be multipiied by a

rise time.
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