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Due to the interesting properties of the tunnel dig
de, the device is extensively studied as regards its cir-
cuit behaviour. An empirical formula, approximating the dig
de's V=I characteristic, has Dbeen obtained., This allows cal
culations of rise time, delay time jitter to be carried out
in certain instances; theoretical predictions based on this
approximation are in good agreement with experimental results,
Stability considerations and ocurve-plotting circuits are al
so studied., A high=speed discriminator =- coincidence circuit

using transistors and tunnel diodeS is presented.
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1 = Introduction

Tunnel diocdes or Esakl diodes(1) are finding lncrea
singly large applications as high - frequency devices(2“5):
this is due to the intrinsically good high frequency pro-
perties of the device coupled with other desirable proper=
ties such as small size, low power consumption, stability
of characteristics with respoct to temperature, commercial
availability and, last but not least, low cost with respect
to transistors having gain-band-width products of the same
order of magnitude. The device is thus extremecly promising
and is being extensively studied as regards its application
in computer technology(é).

The above roasons have prompted the Authors to study
the device with the intent of applying it in the field of

high speed electronics in the nuclear field,

2 « The V=~I characteristic and its approximation.

Bt S e g i Pt B LIS D DO, R TS S, D, i vl D PO e It . ot S IR, SOV S oy et B Mt Vi W) S B Yo B D e i o A B B B

One of the most striking features of the tunnel dio=-

de (TD) is tho poculiar shape of its V~I characteristic (fige.1)
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small signal theory approximates the characteristic with a..
constant (differential) resistance whose magnitude is posl

tive or negative according to the bias point chosen. This
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appreoach fails of course when dealing with large signals
(i.e, switching circuitry). Although piece-wise linear ap
proximation has beon atitompted with success(7“8), a higher
order approximation has been studied with the purpose of
not introducing discontinuities of the differential condug
tance function.
Under the assumptions
a) that the approximating function be continuous with its
first order derivatives over the range of interest (O
to ve)
b) that the functionshould be of order not higher than 2
(i.e. two parabolas joined at some intermediate point

vx) the following approximation has been derived.
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No justification of the formula on the basis of so-

1id state theory will be attempted; the closeness of fit

is shown by the accompanying figures (2 and 3) in which mega

sured points of commercial diodes are compared with theorg

tical predictions based on equations (1)
ig gquite good in the low volltage region,
negative resistance region and very poor

ge reglion where the exponential increase

e

and (2) above. Fit
fairly good in the
in the high volta

of current due bo

minority carrier injection is much faster than the parabo-

lic increase provided by (2).
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It may be interesting to note that the absolute va=-
lue of the differcntial negative resistance has its mini-

mum in vy, its value being

- 2
/ 1 %% o4
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Both equations (1) and (2) may be written as
2 Z

(4) s L) = b (ren) T A

with appropriate paramecter substitution.

3 «~ Regponse to a ourrent step Wavaform.
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Neglecting lead inductance, the TD can be thought

of as & non-linoar clement defined by its static V~I cha=-

racteristic shunted by a capacitance C<9).
N AN
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Form the circuit equation, the time % necessary for

the voltage V to go from O to a value v is given by

¥
ol v
e /Y Lk

v

whore K is an integration constant that depends on the i=
nitial conditions. Substituting (I) and (2) one finds thatb

switching time (%o mo from O to ve) is given by

(5) Y= Cg * se



where

is the time to go from O to Vx and
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ecxamination of equations (5) and (5') shows that tho predo
minant term is 2?1‘, which depend strongly on Ig the inw=
put current - stop amplitude. Equations (5') are in good
agroement with experimoental results, a plot of 2}7 versus

I, yielding the familiar regenerative circuit delay cur-—
VG(1O>b

4 - Resgponse to a voltage step
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hencey, with the notations employed in the preceding para-

graph,
2¢ 4, 2r s ethy ) - 2 o’ 4
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As will be scen in par. 7 experimental results are
in good agreement with thepe predictions,.

The addition of series inductance L,

leads to a dif
ferential equation of the followin

g type
2l [ ap L L] A Kghle)» v -5 5
atr /) < dv l /) aAF L =

which is not soluble in an elementary fashion.

5 «~ Response to a voltage ramp.
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where

(i _ _4..~~ /*3\5’) f;_.,. ‘*7:,?’/32“1’5
/ f%i;) -[; [£23)-7, (42})

is the integration constant, determined by sctting v=0 for

t = 0. The slope of the output voltage waveform, il.c.

e 1) 4" o7 / %
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('J/az
is only slightly dopondent on K (the input voltage slope)

for values of v close to vy because the two first terms
largely cancel cach other. This verifies a well known ex-
perimental fact, In the above equations the following syn

bols have been used
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6 = General conslderations.

Due to the negative resistance region of the TD's
characteristic, it is guite possidle for the device to o=
scillate when bilased in this region. This fact poses a cel

tain number of practical difficulties in dosigning suitable
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curve tracers to display the V~I curve. It has been shown(1w
that for a nogativc resistance - ¥ to be stable when shun
ted by a positive resistance R the following inequalities

mugt hold
/

7 <
»ya = /Q

where L and C arc total series inductance and shunt capa-
citance respectively. Since
- “// ALV /. 1
VI AT Al
/C’(':L/
is a function of voltage, the above relation must be veri-
fied for all r, i¢e. for the minimum value that r may take

over this range, i.6..

whore i, 18 given by eq. (3).
Let us now congider the following circuit
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For each value of V a load in the conventional manw
ner can be drawn, and ifﬁ%asily seen that the circuit will
jump from a low to a high -~ voltage state (provided R is
large enough) when B

V= V/ng/Q_/./o

so that this simple circuit will act as a trigger or ampli
tude discriminator circuit. Input = output diagrams for a
range of resistances are given in fig. 8. It is8 a well~known

fact that loop gain~banawidth is the major factor influen-
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cing spced and threshold definition of trigger circuits(”ﬂia.
Loop gain-bandwidth (GBW) products arc casily calculated
only assuming lincaritys for non—linear c¢irouits a compa~
rigon may be made by calculating GBW at maximum gain. For

the tunnel « diode circuit above one obtains, again neglecg

ting circuit inductancey
g 7Ry

- ; .
G AW X SF T dffczég/fec

7
where = FT
4 %r'r.w'n

. For a 1 mA, 10 pF ™ (13 cno obtains,

GBW X 1,2 109 cycles/sec
Whereas for a 50 mhA, 25 pR 0{14) one obtains
GBW X 24 . 107 cycles/sec

In contrast, for a vacuum tube #trigger circuit using wide
band pentodes (® 180F's) in a conventional arrangement, o=
ne finds

GBW 2 0,35 107 cycles/sce
The above figures clearly indicate the advantage of
uging tunnel diodes for such circuits.

7 =~ Fast discriminator coincidence circuilt,

e e e e o o e o e e o o e Bt e b e ekt 9 5t i e

The block diagram of the fast discriminator = coin-~
cidence circuit is given in fig. 9. Input pulses groater
than pre=set thresholds trigger the TD discriminators which
in turn itrigger the coincidence proper, which is therefore
fod by standard pulses. Use of discriminators preceding the
coincidence allows a large reduction in chance coinciden=
ces due to low=lovel background to be made., Circuit diagran
is given in fig. 10,

Tunnel diode 7D1 is current biased by d.c. emitter

follower Qq, diodc Dy being added to improve the discrimi
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nators linearity in the high renges. Negative input pulses
above the thresheld trigger TD1, are emitter-~followed by

Qz and turn Q3 one. As Q3 is normally off, this reduces pg
dostal and feed=through problems. Current drawn by transi
stor Q4 is almost cntirely detormined by its omitter resi
stor and by the positive voltage supply. When Qg is turned
off it therefore produces a standard pulse that is clipped
by the subsequent shorting stub. Bach discriminator thereQ
fore feeds a gtandard current pulse in TD2§ depcnding on
the biasing conditions, the number of pulscs necessary to
trigger TD2 may be 2,3 or 4. Selection is accomplished by
rotating switch 84, thercby changing order of coincidence.
Anti-coincidenco 1s accomplished sgimply by inverting the
pulse produced by a discriminator, i.es reversing one of
the windingg of pulse transformer T1. When TDp triggers

its (negative) cutput is amplified by long~tailed pair Q5
and Qg, thereby firing the monostable circuit composed of
Q7 Qg and Qg(?é). Qo is added for impedance matching. Oul
put is 5 volts = positive or negative = into 125 ohms, 50 ns.
duration. As the input impedance of tho circuit is not
well-defined, it is imperative that connccting cables be cor
rectly matched at the photomultiplier ond. The discrimina=
tor calibration curve is shown in fig. 1, while the delay
time jitter (for long pulses) is shown in fige. 12 and agre
os well with theorctical predictions based on the foregoing
theory. Delay time Jitter for short (20 nscc) pulses is
much less, about 5 nsec for a pulse whose amplitude is 1%
sbove threshold. The discriminator's dead time is of the
order of 50 nsece and it will trigger up ﬁo about 20 Mc.
Coincidcnce resolving timo is quite good: the accompanying
figs 13 showe a full width at half maximum of 4 nscc. The
curve was taken using cosmic rays detected by two 28x10x1cm

plastic scintillators viewed by RCA 6810A photomultipliers
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and is therefore almost entircly duc to the photostatistics.

Clipping stubs were 5 nsec long.
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