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Theoretical and Experimental Studies of a Superconductive Detector of

Energetic Particles.

ABSTRACT : -

In nuclear-particle energy-loss spectrometers, it is desirable to
have the signal charge pef unit energy 1o$s as large as possible, because
the fracticnal resolution due to statistical fluctuations in the signal
charge is inversely proportional to the square root of the number of
charge carriers generated. Thus superconductors with an inherently
narrow energy-gap 2A would be of interest if the quasiparticles
generated from the energy of the incident particle could be distinguished
from the Cooper-pairs. A superconductive tunnelling junction (STJ)
satisfies this condition bec:.'s5e the current flow consists essentially
of quasiparticle tunnelling current provided that the Josephson-
supercurrent is suppressed by a steady magnetic field. Thus if the
particle energy is used to create quasiparticles in a STJ the increase
in quasipartiéle density causes a measurable increase in the tunnelling
current, which constitutes the signal. The mechanism proposed for the
transformation of the particle energy to quasiparticles involves the
conversion of energy to heat when the particle penetrates the STJ and
enters the substrate. The transient increase in the temperature of the
junction films increases the thermally generated quasiparticle deﬁsity.
This thermal model gave numerical results in good agreement with experi-
mental results obtained with 5.13 MeV a-particles incident on thin film
lead and.tin STJ's deposited on microscope glass slide substrate.

The SJT's used for the ekperiments consisted of crossed 2000 A thick
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metal fllms, separated by an‘ox1de barrler‘of approx1mately 12 A thlck
produced by glow-discharge anodization. Reproducible fabrication of‘arrays
of STJ's was achleved by this method. Measurements were made on the
‘Junctlons at dlfferent temperatures between 1.2 K and about half the
cr1t1ca1 temperature, and w1th dlfferent junction b1as voltages; A steady
l magnetic field of 15 gauss was. .used to suppress the Josephson supercurrent

5 13 MeV a- partlcles were directed at the junctions, and voltage
signals caused by the particle impacts were observed across the junction.
The signal amplltudes were temperature and bias-voltage dependent The
best signal to noise ratios (peak signal/rms noise) observed were,20‘and
- 40 respectively for lead and tin junctions, using a transformer—input
N-channel metal okide Semiconductor preamplifier operated at liquid'\
helium temperatures. The pulse amplitude distributicns were analysed
and found to consist of an initially decreasing pulse- density with
1ncrea51ng pulse ampl1tude, then a nearly flat plateau region followed
by a rapid drop off. This type of distribution curve was theoretically
oredicted using the thermal.model mentioned above. .-The form of the .
d15tr1but10n curve is a consequence of the d1str1but1on of the p051t1on
of the particle 1mpacts on the STJ, and of the angle of the partlcle'
' 1mpact. Thus superconductive particle detectors with this type of
geonetry and‘with uncolllmated.particle‘sources do.not»glvedrise to line
- spectra. Based on the physical understandlng»of'the nature of signal-
bulses from the a—bombarded STd's on glass substrates, a heat 31nk ch1p
type detector is proposed. ThlS is expected to be a superior and |
oractical,particle energy spectrometer

Theoret1ca1 1nvest1gat10ns were made into the relative merits of

'superconductor 1nsu1ator superconductor (SS) and normal metal-insulator-



superconductor (NS) tunnelling junctions as fast response thermometers.
For w < 109 Hz, SS junctions were shown to be theoretically superior in
sensitivity and signal to noise ratio. It was also found theoretically
that for the SS junctions, there is a temperature which for a specified
bandwidth, junction capacitance, and superconductor type optimises the

signal amplitude. Moreover, the inherent junction electrical noise,

essentially shot noise, was shown to be inversely pProportional to A.
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CHAPTER ONE

INTRODUCTION

In experimental studies of energetic charged particles and photons
(energy ¥ lkeV) the name detector is often applied to a class of devices
which provide as output an impulsive voltage or current signal which is
correlated in time with the passage of the particle or photon into or
through the device, and whose amplitude contains information about the
amount of energy lost by the particle or photonvin the device; where the
energy is of primary interest, the detector is called a spectrometer.

N

In many detectors, the current signal is integrated on the detector cap-
acitance, giving an output signal proportional to the colle;ted charge.
In this thesis we will use the term "detector" to mean a spectrometer,
and will refer only to charged particles and not specifically to photons.
A large variety of different physical effects are used in détectors,
briefly described below, (see Dearnaley § Northrop (Ref. 1.1) for a good
detailed account of detectors).

The jionization chamber and the proportional counter are based on gas
ionization, combined with proportional avalanche multiplication in the case
of the latter. They exhibit a reasonably linear relationship between the
signal charge (number of gaseous ions collected on the electrodes multiplied

by the electronic charge) and the energy lost in the gas by the primary



energetic particle, Statistical fluctuations in the number of ions
collected for given energy loss (which is related to the average energy.
loss required to generate an ion pair in the gas, about 30 eV for most
spectrometer gases) give an energy resolution which is typically of the
order of 2.5 keV for 100 keV electrons. When an energetic charged particle
passes through a scintillation crystal part of the energy depbsited by the
particle results in the emission of fluorescent photons by the crystal. The
photons are collected (by an optical system) and measured by a photo-
multiplier. The photomultiplier output (charge) is proportional to the
number of fluorescent photons, which in turn is proportional to the charged
particle energy loss. Thus the photomultiplier 6utput is proportional to the
particle energy loss; this is the basis of the scintillator counter, with
typical resolution of 150 keV FWHM for a 5 MeV a-particle, for example.
Semiconductor junction detectors will be discussed in more detail
because of their practical importance in high-resolution particle-energy
spectrometry, where they are currently the highest resolution energy-loss
spectrometers available. Thus they constitute a suitable basis for the
comparison and evaluation of the superconductive tunnelling junction
detectors to be described in this thesis. In operation the semiconductor
junction detector is reverse biased such that the high electric field
intensity depletion layer extends as completely as possible throughout the
volume of the detector. A charged particle passing through and stopped in
the detector has part of its kinetic energy converted to electrons and holes
(the rest of the energy ends up as phonons and radiation damage if any).
The electrons and holes are acted on by the depletion-layer field such that

the electrons move towards the 'n' region and holes towards the 'p' region.

>
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The carriers are said to be '"collected", and the collected charge consti-
tutes the signal. For a given type of incident particle the average number of
charge carriers generated, 'N', is proportional to the energy loss in the
depletion region, thus the measured signal-charge is proportional to the
energy of the particle W. For a given junction type and particle we can
thus specify the energy w required to generéte a single ion pair

w = W/N. If the charge production processes were uncorrelated then the
standard deviation of the number of particles produced, Oy would be
equal to YN. But the processes are in fact correlated by the requirement
that New =W (Ref. 1.2), and oy = VFN where F is the "Fano-factor", with a
value of 0 S F 21, ( F =1 for completely independent charge-carrier
production and F = 0 for complete dependence). The 'energy-resolution' R

can then be defined as:-

5 .
=_<1=@.;_3=/E=/@_
R q N e N W 1.1
where Oq is the standard deviation of signal charge, equal to oy " © and

q is average signal charge equal to N - e.
This definition of resolution is related to the 'FWHM' definition

(full width at half maximum , often used in spectrometry application) by:-

_ FWHM(eV) (1.2)

2.35 - Peak Energy(eV)

.olLoq

if the peak is gaussian in shape. Ref. (1.2).



If the optimum mean square Ssystem noise voltage within the bandwidth

required to measure the signal is VOz (this includes shot, junction

leakage, Johnson(Ref'l'S), and preamplifier noise), the energy output
resolution in the output is:—(Ref' 1.1)
v 2.0%21
Standard deviation of preamp. output _ /Fw a e w.v “-C )é (1.3)
Signal amplitude from preamp. W F-W-e? ’

where C = detector capacitance.

To improve resolution the preamplifier noise performance must be
improved, the detector leakage current decreased and w decreased. The
most important factor is the decrease of w; with consequent increase of N,
large improvements in resolution can result. The best semiconductor
detectors are made from Ge, with an energy gap of 0.67 eV, and w = 2.94 eV,
and a measured Fano factor of < 0.08 (Ref.1.3). Semiconductors of lower
energy gap like indium antimonide of Eg = 0.17 eV have been tried, but were
found to be unsuitable because of leakage currents due to impurity band
conduction.(Ref’ 1.1)

The energy gap associated with superconductivity is sufficiently small
to create interest in using some suitable superconduct;vity effect in
particle detection. The quasiparticles excited in a superconductor can be
detected by observing the tunnel-current between two superconductors (or
superconductor and normal metal) separated by a thin insulating barrier.
Quasipa:ticle superconductive tunnelling junctions were first studied in

(Ref.1.4)

1960 by Giaver In NS {(normal-superconductive) tunnel junctions

biased below A/e and SS (superconductive-superconductive) tunnel junctions

biased below 2A/e, with a magnetic field to bias off the Josephson

(Ref.1.5)

supercurrent , the junction current results from the tunnelling of



thermally generated quasiparticles. (The Cooper pairs do not contribute

to the tunnelling currentvsignificantly(Ref.l.s)

, although small contri-
butions due fo subharmonic tunnelling and multi-particle tunnelling are
possible). Thus some analogy exists between the charge collection process
in a semiconductive tunnelling junction. If the particle energy could be
used to produce quasiparticles (from the Cooper pairs) in the super-
conductive tunnelling junction, and the superconductive tunnelling
junction were properly biased, then the increase in quasiparticle

density would cause a momentary increase of tunnelling current, providing
a signal charge, analogous to electron and holes is collected as a signal
in a semiconductor junction detector. This is the basis of the super-
conductive quasiparticle tunnelling junction particle detector proposed
by B.L. White(Ref'1'7), (hereafter.called "superconductive particle
detector'.

Note that the analogy between the PN junction particle detector and
the superconductive particle detector is not exact. As will be shown
later in this thesis, in the superconductor, quasiparticles are mostly
thermally generated and only a small fraction are generated by interaction
of the primary particle and secondary particles with the Cooper pairs.
Also, the quasiparticles are 'collected' by diffusing in a field free
region, whereas in a semiconductor the electrons and holes drift in the
depletion region field. Assuming the ratio w/Eg =5 (eg. for Si = 3.34,
for Ge = 4.34), then the mean energy loss by a charged particle required
to create a quasi particle pair in superconducting $n will be

3

W sn = 5.6 x 10°° eV. Assuming the Fano factor = 1 (the worst possible

case), then compared to a Ge detector the statistical signal fluctuation



Sn ° FSn

reduced by this factor. With low-temperature low noise amplifieré the

W, . F .
is less by ///WEE———~EE M 64, i.e.” the statistical fluctuation is

fofal.electronic noise can coﬁceiVably be reduced, giving potentially

véstly improved enérgy resolﬁtion.: GiH; Wood(Ref' 1.7, 1.8, 1.9)

fabricated Sn superconductive tunnélling junctions on glass substrates

and observed tunnel current pulses caused by o-bombardment froﬁ a 5.13

MeV o-particle source of Pu239. It was definitely established that

superconductive tunnelling junctions could detect particles,-but-the data

obtained by Wood wés ihsufficignt to. determine the mode of -operation and.
the‘energy resolution beffprmance(
The Author's contributions described in this thesis are:

1. The experimental work done to achieve a reproducible junction
fabrication process; |

2. The experimental work doneon measurements of junction parameters and
d—particle induced current pulses wifh improved instrumentation,
obtéining sﬁfficient data to enable comparison with theory;

3. The theorétical and numerical work done to provide a detailed under-
standing of the mode of operation of the Superconducfivé particle
detector, verified by the experimental data;

4. The design of a theoretically better superconductive particle
detector configuration, the heat-sink chip type, based on the
theoretical understanding of the mode of operation of the glass-
substrated superconductive particle detector investigated experimentally

in this work.
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This thesis contains six subsequent chapters. ,

éhapter 2 is the‘”theory” chapter where the thebry.of superconductive
tunnelling is developed with embhasis on the response Qf the junction to
a tempefature change so that the tﬁeory is substrate-independent and thus
univérsaliy applicable to differént substrates. The theoretiéalv
ekpressions employ.BA as a parameter where B = 1/KBT_;and A =% (the energy
gap of a superconductor),and are thﬁs appiicable td any type of super -
conductors.i The physical model of the mbdé of operation of the gléss—
substrated_supercohductivé particle detectériis defined. Scaling theory
necessary for comparison of results from junctions with different parameters
is investigated. The temperatﬁre responge sensitivity and the inherent
noise properties of SS and NS junctions are investigated and comparéd,
demonstrating the superiority of SS junctions as superconductive particle
detectors. FinallyAphysical models of two proposed types of superconductive
particle detectors, the phonon-barrier type, and the heét—sink-chip type
are discussed, and the theoretical performance 1imits of the heat-sink-
chip type (theoretically the bétter) operated at conveniently achievable
conditions are calculated.\ | |

Chapter 3 is the numerical methods and results chapter. Here the
non-linear partial differential equation describing the diffusion of
the "heat-épike” (generated by the a-particle track in the glass substrate)
is modified to a form suitable for and translated to a finite-differences
equation. Numerical stability conditions are investigated, and the
computer programs for the solutions of the finite diffe}ences equation
and the calculation of junction curfent response described. The calculated

results include the numerical solution of a linear heat-diffusion problem



—

using one of the computer prbgrams mentioned above, compared.with the
anélytical solution of fhe same problem to verify the methods used and
the computer program. . Also calculated are a—particle.induced current
waveforms; the depéndence of current waveform éﬁd amplitude on tﬁe.
location of the a-particle impact with respect to a finite-sized junction
on a glass substrate, the expected pulse-amplitude distributioﬁ,:and

"the effects of the angle of impact on thevcurrent—pulse waveform and
amplitude. j

Chapter 4 describes the junction fabrication process details and some
variations. This Chapter describes a large experimental effort but may
be omitted in the reading of this thesis if junction—fabrication is of no
interest to the reader. \

Chapter 5 describes the apparatus instrumentation Used to measure the
junction parameters and pulse response of Pb and Sn junctions, and the
results of thosg measurements,

Chapter‘6 compares the theoretical and numerical results of
Chaﬁter 2, and 3, with fhe experimental results of Chapter 5. The
- experimental data and the theory éppear to agree.

Chapter 7 is the conclusion chapter. If is conclﬁded that the mode of
operation of thé superconductive particle detector should theoretically
give better energy resolutionithan exisfing semiconductor junction

particle detectors.



CHAPTER TWO
THEORY OF -OPERATION OF THE SUPERCONDUCTIVE QUASIPARTICLE

. TUNNELLING JUNCTION PARfICLE DETECTOR

INTRODUCTION: -

A brief review of quasiparticle tunnelling in Superconductive
_ !

Tunnelling Junctions is in order. We consider first tunnelling in
normal meta14insulétor—meta1 tunnelling.junctions. Referring to. Figure
(2.1),”the'energy vs. density.qf states curves for the metals are shown
on either side of the reﬁresengation of the barrier, and occupied states
are represented by shaded portions under the curves. The Fermi-energy
level of side 2 is used as the reference 'Q' of energylmeasufement.
The situation in Figure (2.1) represents the application of ;V volts
to side 1, referenced to side 2, so that the Fermi level of side 1 is
eV above the Fermi level of side 2. The contribution to the tumnelling
current density from electrons tunnelling from side 1 to side 2 at
energy E, in a range dE is proportional to the product of the number

of electrons in that energy range on side 1 and the number of unoccupied

"levels on side 2 in the same energy range, thus

—dle = e.P12 NNl(E—eV) f(E-ev) - NNZ(E)(l—f(E)).dE (2.1)
where NN(E) = density of states, normal metal.
and P12 is a proportionality constant, having the physical meaning of

the number of electrons tunnelling”from side 1 to side 2, per
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> M

Fig. 2.1 Energy-Diagram for a Metal-Insulator-Metal

Junction with Appiied Potential Difference V.

c
A

." : :
————— - 2A~ ——EF=hO
y - = s

Fig. 2.2 Energy-Diagram of an NS Junction in the Semiconductor
Representation, at Finite Temperature with Applied

Potential Difference V.
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unit junction area, per unit time, per unit occupied state
density-on" side ‘1, per vacant:state-density on side 2, per

unit energy range.

f(E) = Fermi functibn, giving the probability of.occupancy
of state at energy E. (note: - (1-f(E)) then gives the
probability of vacancy of state at E).

e = - the electronic charge

Similarly considering the electrons tunnelling from side 2 to side 1
we get -
_dq21 = e - P21NN2(E) f(E) - NNI(E—eV) (1-f(E-ev)) dE (2f2)

where P21 is a proportionality comstant, corresponding to P12 for

tunnelling from side 2 to side 1.

Thus the net tunnelling current density from side 1 to side 2 is given by:

A J 3,43, = -eP J NNl(E—V)NNZ(E)(f(E—eV)—f(E))dE

-

(2.3)

Wherévwe assumed P12 = P21.

At low temperatureé)levéls slightly above the Fermi level are umoccupied,
and the levels_slightly.below becomes fully occupied, thus from equation
(2.3) we see that the tunnelling Eurrent results from states immediately
above and.below the Fermi level, and we can approximate NNI(E-eV),

NNZ(E) by NNl(O)’ NNZ(O) respectively, assuming eV is small. Also

f(E-eV) ~ f(E) =;€§§é§l.. eV for small eV. Thus equation (2.3) becomes:

= 2 v | 3f(E)
I =+ €PNy (0N, (0) -V f S dE
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. . 2 .
TV - e2P Ny (0N, (0)

= -V g
or IyN f VaGyy - | | (2-4)
where‘li'GNN‘ = P12¢2NN1(O)NN2(O)LA. is the"junction conducténée.'
=i 0 A
¢ - = junction conductance per unit area
A= junction area

Thus we get'the well known ohmic (linear) behavior of normal-normal

tunnel junctions for small bias volfages, the negative sign ofAearlier

equations resulted from the choice of —|V| for bias. We went through

the above calcglationsltq get thé-expfession for GNN for use 1atér,

and to esfablish fhe procédure for the calculation of tunnelling currents.
Foliowing GIAVER (feferenée 2.1) and using the semiconductor

band gap model for the superconductor we can derive the tﬁnnelling-

current characteristics of a metal (normal)-insulator-superconductor

(NS) tunnelling junction.,‘Referfing to Figure (2.2) we have a schematic

représentation of a.NS tunnelling-junction with side '1' the normal

metal biased to raise the energy level eV relative to side 2 the super-

conductor. Proceeding as in the normal-normal tunnelling case considered

above we get:
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Iys = eA»[' P12 NNl(O) NSZ(E).(f(E—ev) - £(E))dE (2.5)
where NS(E)'is the:density of states of the superconductor at energy "E"
and NNl(O) replaced NNl(E—eV), valid for low .applied voltages V. From

De Gennes (feference 2.2), we get the eipression for NS(E)

Ng,(B) = Ny, (B) E| for. |E| > A
) ' Yy EZ-3p7
= 0 for |E| < A energy measured from
the Fermi level.
and A = L the ‘energy gap of the Superconductor.

ApproximatinngNz(E) by_NNz(O) (valid for low temperature) we get:z

B

0

E \
INS = A.e-PlzNNl(O)NNZ(O) f SETRT « (f(E-ev)-f(E))dE
~-A \ g
+ Bl reeen)-£(8)]- dE
_i ¢E7?37'~[ (E-ev)-£(E)]
N Egg_ [INTl + INTé]
A . |
INT, = ~J E . [£f(-(E +eV)) - £(B)] dE
) ETRT .
= I E  (£(E + eV) - £(E))dE
A VTR
GNNJ GNm
. = — E N
NS —— [f(E—eV)—f(E+eV)]dE=———-J E+A
. e, VER-A e ) VET2EA

(f(E+A-eV)-f(E+A+éV)).dE | S (2.6)
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Expanding the Fermi-function:

1 8E E
f(E) = ———— = e S )
. (1+ef5y n=o (-1 exp (-m8E)
thereforé
2 © o . o,
INS~' = GNN. z (fl)m+1exp(—mBA)sinh(mBeV)
e  m=p ‘
. J E+A + exp(-mBE)dE
o 0 VEZ+ 2EA
where B = E—%T-, kB = Boltzmann constant and T = temperature.
B .
From Laplace transform pables {(reference 2.3)
E+A - (mRE) N :
— . e dE = Aexp(mBA).K. (mBA)
i VEZ+2EA P 1
where K. is the Bessel function of the second kind, lst order.

1
We finally get (reference 2.1)

L= Gy T ™! sinh (neve)k, (mgs) (2.7)
NS — =1 1 .

(]

This is an alternating series which converges rapidly:for the applied bias

vdltage“of‘VA='%g3~and BA 2 -6 thus we. can approiimate INS by taking the
1st ferm, and by-the theory of alternating series, the error in
omitting the following terﬁs in sméllérwthaﬁ the hagnitUde of the 2nd
tgrm; The ‘ratio of term 2/term 1 for,Bias V = %g’(so as to bias near

the maximum dynamic resistance point) at BA = 6 is 0.034,

_meaning the error of approximation is smaller than 3.4%.
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The approximation is goed.over~the“range“of RA véTpes 3

to 8, the range of interest in the operation of the“sueerconducfive
.tuﬁnelling juction as a particle detector;.The'approiimation can be

seen to improve with increasing BA, thus:

2AGNN

I sinh (8eV) K;(88) ~ (2.8)

Differentiating (2.7) with respect to V we obtain an expression for the

dynamic resistance Rdyn

5T R TR 2G - BA = ' |
<; NS) - - _NN Z'(_1)m+1m-Cosh(mBeV)K1(mBA)
3V T Rdyn‘ NS e m=1 .

(2.9)

\

Equation -(2.9) can be approximated as before by taking the first term

only. The ratiOS'of term 2/term 1 (fdr bias‘voltage V = %E-), BA =6
is +3.4%, andjimproves'with;inereasing BA, thué:r
1 /o1 .\ 284G, ‘ |
) (s L P Cosh (BeV)K , (BA)
Ry v R 1 (2.10)
Y/Ns T | _ ,

To get the sensitivity of INS to temperature change we differentiate

(2.7) with respect to 'T' (temperature) and get:
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31 26 =
< N%) = = 12 7 -1)™ mga sinh(mBeVIK, (men)
0
aT v e m=1

s § ™! mg242k; {sinh (mBeV) [K, (mBA) +K, (mEA) /mpa]
m=1

eV Cosh (mBeV)Kl(mBA)}
A

(2.11)

Equation (2.11) as it stands is too complicated to allow a simple
physical interpretation but some simplifying approximations can be

made since A(T)/A(0) > 0.95 for T< EE-, (from the A(T) vs. T expression
of the B.C.S. theory (reference 2.4)). The g%-term may be omitted as
an approximation (see numerical value given below). The remaining
summation is an alternating series and as before can be approximated
by taking only the m=1 term, the error then being smaller than the m=2
term. The factor (KO(mBA) + Kl(mBA)/mBA) in (2.11) came from the
differentiation of Kl(mBA) and can be approximated by Kl(mBA). The

accuracy of the approximation:

31 2G
<__E§. = NN 32A2kB(sinh(seV)-§Y-cOsh(seV)Kl(eA)) (2.12)
oT v e



—>= [T

.....

\ . . . - :
Fig. 2.3 Energy Diagram’for,a SS-Junction in the Semiconductor

Representation, at Finite Temperature with Applied

Potential Diff. V.
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is better than 14% over the BA range 57 . and at bias voltages ﬁear
A/Ze; and impfoves with increase of BA beyond 7.

Proceeding as in the above derivation of the tunnelling
chrréntAfor a NS junétion'and‘referring fo Figurei(z-s)-tﬁe'schematic
representatioﬂ of a superconductor-insulator-superconductor tumnel

junction (SS) we get:

o«

Igg = NN J N (B=eV) Ngp(B) [ ¢(E-eV) -£(E)JdE " (2.13)
e = Ny (E-eV) Ny, (E)
where NSl’ NSZ’ are the density of states in the superconductors on

side 1, 2, respectively.

Ng(B) = E| . Ny (E) for |E| > 0
VEZ-p% -
= 0 ' for |E| < 0 energy measured

from the

Fermi 1eye1

Substituting for Ny in (2.13) we get

- G . . lE_evl . . E , )
s e U (E-eV)2-4,2)% (ETIZ\‘LZT/ [£(E-eV) -£(B) ]dE
AT +eV 1 2
1
. ; |
. T22 E-eV . E . |
i J '[(E]-evszzl-AlZ)% : (EA_IAZIZ)% [£(E-eV) -f(E)]dE]

-0

= GZN [INT, + INT,]
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For our purposes the superconductors on the two sides aretthe'same.kind,

Ay =By = A
INT - J7 (E +'A) _ - (E + A + eV) :
- L o (E2+2EA)E  [(E%+eV)2+2(EveV) -4]%
. [£(E + A) - £(E + eV + A)]dE
T, = J Er V) . E __ [f[-(E+eV)]-£(-E) ]dE
p ((EveV)2-82)%  (E2-4%)7%
- J (E+ V) - —E __ [£(B) -£(B+eV)1dE
L, (Bren)2=02)E (B2-42)%
\ = f EreVrd) =~ . (EXB [eEe)-£(Erev+)]dE
o [(E+eV)2+2(E+eV)A]? (E +2EA)7% ; '
= 1
NT,
e 26yN T (E + A) - (E + A+ eV) '
Thus Igo = _J o : — - [£(E+A)-f(E+eV+A) ]dE
e o [E +2EA]? [(E+eV)2+2(E+eV)A]1 S S

(2.14)
Equation (2.14) can be integrated only numerically (ref. 2.5,2.6) for
T # 0; i.e. the integral cannot be expressed in tabulated mafhematical
functions. To obtain a tractable expression approximafionS'must be made.
1 _ | 1
o BE) T [ B(E+A+eV)

fl

[£(E+A)-f(E+eV+4)]

= (eBeyl)eB(E+A),(1+eB(E+A)+eB(E+A+eV)

’+e3(2E+2A+eV))-1
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e-B(E+A) Bey+e8(E+A+eV))—1

+ 1 +e

*V1y (

e—B(E+A+eV) - e—SA(l_e—BeV).e—BE'

= (eBeyl)

The approximation consists of the omission of the first three terms of the

second factor. For an operating bias voltage V > %—, and RA > 3, the error
of this approximation is less than 5% at E = 0, improving with increase of

V, BA, and E.

The factor E+ A+ eV in the integrand of equation (2.14) can be

((E+A+eV)2-A2)%

written as:-

1
1 - (E:%:gvﬂz] Fooe %‘(”—é——viz N

( 5 A
E+A+e 8 ‘“E+A+eV

2 (2 ___ b
6 (Erarev) *

.
~—
.

the series converges rapidly for E > 0, V > %-.

At E =0, and V = %~, 'Its' value is 1.155. The fractional error in approximating
the expression by 1.000 in the integrand is -0.134. The error decreases with

the increase of E, thus the contribution to the error in the integral by this
factor 1is less than this. Thus the total error in the Fermi factors
approximation and the above approximation in the integrand is less than

-0.177, for E =0, V = é—, and BA = 3. As the error is less for larger values

of E encountered in the integration, the error of the approximate

integral is less than -17.7%. For BA > 6 the error is less than -13.5%.

Thus equation (2.14) approximates to:

[ <}

2G _ -B(A+E)
I - NN a-e BeV) J (E + A)e : dE

e o ((B+1)2-52)7%

26y

= (1 - e_BeV)A.Kl(BA) (2.15)
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where Kl(BA).A came from the integral as in the derivation of equation
(2.7).

By partial differentiation of equation (2.15) we get:-

oI
(_ﬁ) = 1 = 2GNNeAe'BeV.K1(BA) (2.16)
av /T R '

SS

dyn

where the errors resulting from the approximations in equation (2.15) and from
assuming proportional scaling of the derivative the errors are of the same

order. Also by partial differentiation of equation (2.15) we get:-

oI 2G
—38) o My lpn [argeve Pk (88) + Ba(1-e B¢y (8A)
B 1 0
oT \' e
L 38 iemBeVyk (e (2.17)
0
KB oT

where the approximation signs result from the approximation of ISS in

equation (2.15). Equation (2.17) can be further approximated by dropping

the %% term, feasible because A is nearly a constant of temperature for

T/TC < 1/2, thus:-

I 26
( ss) . o KB[BA [(+seve P11k, (88) + BA(l—e°BeV)K0(BA)]
v

9T e
(2.18)
The fractional error in dropping the %%-term, and the total error resulting
from the approximation of iSS and dropping the %%~term, are tabulated in

Table (2-3). The form of equation (2.18) is still too complicated for

discussions, and can be approximated by replacing
9K, (BA) (Kl(BA)

+ K (BA)] by -K (BA). The resulting expression is:
3(88) 0 '

BA
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ol 2G N
(ﬁ) ~ _NN Ky-828 [8 - (ev+n)e BeVy | K, (84) (2.19)
3T / Vv e '

The error of approximation (2.19) is less than -30% at BA = 4, decreasing
to less than -14% at BA = 7, for bias voltage V = A/e applied across the
junction,

In the approximations above we ignored the 5A/3T term; that is equi-
valent to regarding A as a constant (for T/TC < 0.5). Thus for the range

of valid approximation (pA > 3.5) we can approximate BA by BA(0).
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A large effort was made in this section to obtain
approkimations with simple functional forms and to calculate the
errors involved in the approximations. This is done so that
relatively simple algebraic derivations can be used in later sections
to obtain results on noise, signal and other performance parameters
of NS and SS tunnel junctions used as particle detectors with the
results quantitatively significant, with errors or error bounds
known. It is possible to calculate all the junction parameters
using the exact expressions numerically but the consequent loss of
comprehensibility is not justified by the gain in numerical
accuracy.

When an a-particle impacts a superconductive tunnelling
junction deposited on a substrate the particle depending on its energy
either penetrates part of the junction films and stops or penetrates
all of the junction-films and part of the substrate and stops. The
kinetic energy of the particle is deposited along the particle track
by interactions with the electrons of the atoms of the junction-films
and substrate material and the conduction electrons in the metal,
creating ions, and electrons with kinetic-energy mostly smaller than
the energy of ionization, a maximum energy of ~ 4m Ep/M. (reference
2.7) where m = electron mass, Ep = particle energy and M = particle
mass. The electrons with kinetic energy greater than the ionization
energy can cause more ionization. In the junction superconductive
films some 'Cooper-pairs' are broken up to quasiparticles by inter-
actions with the primary particle and electrons and phonons with

energy greater than the superconductor energy gap. This



- 24 -

results in aﬁ\abrupt increase of quasiparticles density and
consequent inc?ease of junction current. Thus far the analogy
to the semiconductor-junction detector is good, the quasiparticles
tunnelling corresponding to the charge collection in the semi-
conductor junctions. The Cooper pairs Tecombine with a time constant
of the oraer of <1078 sec. (reference 2.8). The particle energy is
thus 'thermalized'; i.e. may be considered to produce a local increase
in temperature. The resultant increase in thermally generated
quasiparticle causes a corresponding increase in the junction
tunnelling current. The particle energy deposited in the substrate
also thermalizes and warms up the substrate and the junction films
near the particle track. This further contributes to the thermal
generation of quasiparticles and tunnelling current.

Because of the small recombination and thermalization time-
constant for the quasiparticles generated by the primary and
secondary particles as compared to the thermal time constants (of the
order of microseconds), the signal-charge (which is the time integral
of the signal current) is mostly derived from the thermal contribution.
This is where the analogy to semiconductor-detectors is no longer
valid. At 1.2 K for Sn, E gap/KBT = 12.08.Thus, for example, an
increase of temperature of the junction (resulting from the particle
kinetic energy) of 0.2 K to 1.4 K causes an increase in the junction
current of 464%, whereas for a Si junction detector at room temperature

of 293 K, Egap/kBT = 42,78 the same increase in temperature would cause an
increase in thermally generated current of only 3%. Further, the

heat required to produce the change of temperature is greater for the
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room temperature Si case because of the generally lower speci%ic

heats at cryogenic temperatures. Thus the thermally generated |

junction current resulting from the particle energy thermalizing

is even less for the semiconductor-junction detector. In contrast

for the superconductive particle detector the junction signal-

current is practically all due to the thermal contribution, and in
the following chapter, the numerical calculations of junction signal-
current will be based on this thermal model.

The following sections of this chapter will consider:-

- Physical models of 2 types of superconductive particle detectors,
the glass substrate type, and the phonon barrier type. The
first model applies directly to the experiments
discussed, while the second is ‘a hypothetical model,
examined to see where either experimental or theoretical methods
may be improved in future.

- Scaling theory, which allows junctions with different parameters
to be compared.

- The response of SS and NS junctions to steady and fluctuating
temperature changes at‘different operating temperatures.

- Noise inherent in SS and NS superconductive quasiparticle tunnelling-
junctions, i.e. Shot noise.

- Oxide-barrier thickness fluctuations and the effect on the signal
(i;e. particles impacting a region with thinner oxide-barriers
than average would give a larger signal-charge because of the
larger junction conductance per unit area in the region).

- Angle of impact effect on the signal current waveform: (The
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a - particle trajectory

temperature
contours

initial “heat spike"

Fig. 2.4 Alpha—Particle.Impinging on Glass Substrate Type
Superconductive Quasiparticle Tunnelling Junction

Particle Detector.

a — particle trajectory

temperature
contours in h
phonon
STJ / barrier
. o o » -I\ . . . e L0 . ( ﬂ
AN RIS VTR IS A LIOV A St
glass ' I
AN - top view of
temperature contours
inthe STJ

at an instant.

Fig. 2.5 Alpha-Particle Impinging on Phonon-Barrier Type
Superconductive Quasiparticle Tunnelling Junction

Particle Detector.
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evolution of the thermal profiles at the junction film depends

on the angle of impact of the particie; the junction current
waveform is thus dependent on the angle of impact).

Junction size effect on the signal current waveform: - (The junction
deposited on a glass substrate or a phonon-barrier has a finite
area. As the junction current.is dependent on the temperature at
each point of the junction, impacts at different points inside

the junction area ( and outside, for the case of the glass-
substrate type) produce different thermal profiles at the junction

films and thus different junction current waveforms).
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 'TYPES 'OF 'SUPERCONDUCTIVE PARTICLE DETECTORS

1. 'Glass Substrate Type

This type of Superconductive Particle detector consists of a
superconductive tunnelling junction deposited on and in good
thermal contact with a substrate which was a soda-glass micro-
scope slide, Referring to Figure (2.4), the particle deposits
most of its energy in the substrate which results in a high
temperature track, (the 'heat-spike'). The heat then diffuses as
described by classical heat diffusion equations. The tunnel-
current density of the S.T.J. on the substrate at each point
depends on the temperature at that point. The total increased
tunnel-current is the output signal current response. To simplify
the heat diffusion problem the S.T.J. is regarded as a thermometer
sitting on the glass substrate, not significantly affecting heat-
diffusion in the substrate. This assumption is valid if the heat
deposited in the S.T.J. is a negligible fraction of the total,

and if the heat capacity of the junction film is a small fraction
of that of the thermally active portion of the glass substrate,
i.e. that part of the substrate down to the full depth of the
"heat-spike",) and if heat conduction along the plane of the
junctions films is‘small. The heat deposited in 40002 of Sn

is 1.47 x 1o~ 1* joules negligible compared to the total of

0.82 x 10712 joules for the 5.13 MeV a-particles used in the
experiments. The heat capacity of a 0.2 mm x 0.2 mm x 40002
STJ ~is 4.03 X 10712 J/°K, the heat capacity of the active portion

of the glass substrate: 0.2 mm x 0.2 mm x 32 um is = 14,84 x 10712


http://ofa0.2mmx0.2mmx
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joules/deg.K,\huch larger than that of the junction film.

Finally because'of the small heat conductivity of bulk Sn
(Superconducting) and further reduction of heat-conductivity

along the plane of the film due to diffused scattering of
quasiparticles and phonons at the film boundary with

mean free path determined by the ZOOOX thickness of the

STJ films, the heat conductivity along the plane of the film

is a small fraction of that of the glass substrate., The numerical
details are given in Chapter 3. Thus the simplifying assumption
in the heat diffusion problem is justifiable. Depending on the
geometry of the situation a 1, 2, or 3 dimensional non-linear
partial~ differential equation needs to be solved, the non-
linearity coming from the temperature dependence of specific-

heat and thermal conductivity. The solution of these heat-
diffusion problems is possible only by numerical methods described
in the next Chapter. This type of superconductive particle
detector has inherently the worst resolution of the three types,
the factors degrading resolution will be described later in this
chapter. This type of Superconductive particle detector (S.P.D.)
is the easiest to fabricate, and once the details of the operation
of this type are understood, the operation of the other types

can be predicted theoretically with reasonable confidence.

This type of Superconductive Particle detector together with the phonon-
barrier type are probably subject to radiation damage. The
high-temperature particle track in the junction films probably

causes break-down of the barrier oxide (at the track), resulting
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in microshorts, and gradual degradation of the S.T.J.
(The junctions appear to keep indefinitely if stored at 77°K,
however some degradation is noticable if the junction is exposed

to the a-particle source during storage for a few weeks).

Phonon-barrier type

This type of Superconductive Particle detector consists of a
S.T.J. deposited on a 'phonon-barrier", a polymer of poor
acoustical-match to the junction film, for exémple polymerized
photo-resist deposited on a glass substrate. The phonon-
barrier inhibits heat flow between the junction film and the
substrate, and thus when a particle is stopped in the junction
films the heat deposited essentially diffuses 2 -dimensionally
(Figure 2.5) Because of the temperature dependence of specific
heat and thermal conductivity, the heat-diffusion problem can be
solved only numerically, by methods described in the next chapter.
This type of S.P.Dcan operate as a spectrometer only if the
particle is stopped in the junction films. Because of practical
difficulties in fabricating S.T.J.s' with thick junction films,
this type of S.P.D. is suitable only for low energy particles or
X-rays. This type of S.P.D. should give better resolution of
particle energy than the glass-substrate type. The phonon-

barrier type, has yet to be fabricated and tested.
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Scaling Theory

From equations (2.8), (2.15) we see that I are

NS’ ISS
both directly proportional to the normal tunnel conductance "G'". Thus
for a given type of superconductor, the family of I, V, characteéistics
with temperature as a parameter for any junction can be obtained from

a reference set by adjusting the current-scale by multiplying it by a
factor proportional to the ratio of the normal tunnel conductances

G/G Thus the calculated signal-current response for a junction

ref, -’
with a given normal tunnelling conductance can be scaled to provide
the signal-current response of a junction of the same material having
a different normal tunnelling conductance exposed to the same
temperature-profile as a function of time by simply changing the

current-scale in the ratio of normal tunnel conductances.

From equations (2.10), and (2.16) we see that:

1 = G.F (T,V). (2.20)
R 1
dyn

This means for a given bias voltage V and temperature T, the
junction dynamic conductance is proportional to the normal tunnelling

conductance. This relation is useful for checking the quality of

the junction: Because of the presence of leakage resistances across

the junction

Riyn.G 2F1 (T1V)
'3
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Thus the ratio of measured maximum Rdyn at a fifed temperature (for
example 1.2 K) to the normal tunnel-resistance is a measure of quality
(or lack of leakage) of the junction, independent of the actual
junction parameters.
From equations (2.12), (2.19) we see that:

D = Gyy'F, (T1V) - (2.21)

v

That is, for a given operating temperature and bias-voltage the
current response to a given temperature change is proportional to the

normal junction-tunnel conductance.

From equations (2.16) and (2.17) we get:
31 _
(ST.V. R gym = Fz/Fl | (2.22)

which states the voltage-response to a given temperature change is the
same for all junctions with the same superconducting film materials, but of
course the measured voltage response depends on the characteristics

of the preamplifier as well as the junction.

Response of a S.T.J. to Small Temperature Changes

In this section we concentrate on the responses of a S.T.J.
to a small temperature change 6T, because that is a basic property of
the S.T.J. and is not substrate dependent. In S.P.D. applications the
substrate thermal properties, (of the junction film thermal properties

in the case of the phonon-barrier type S.P.D.), determine the temperature
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Vs. time at each point of the S.T.J. (due to a particle impact) and

the response of the S.P.D. results from the temperature increase at each

point of the S.T.J. The responses of the S.T.J. to temperature change

are expressed as functions of BA, i.e. using BA as a temperature parameter,.

This is accomplished by chosing the applied voltage V such that Ve is

some multiple y of A (half the energy gap), where y is determined by the

desired bias point, constrained by the restrictions on V introduced in
deriving equations (2.8), (2.15). Using BA as a temperature parameter

the response equations (and curves) are then applicable to S.T.J.'s

with any A.

Superconductor - Superconductor (S.S) S.T.J.

We choose V such that Ve = A, as that is near the maximum

Rdyn point, and is within the range for validity of equation (2.15).

From equation (2.19) éubstituting A for Ve and rearranging terms we get:-

BA

ST = ZGNNOLK BA

B (BA)2 e (1 - 2¢7°7). 6T

e

-BA
where we have set Ky (BA) = o (BA) e

For BA > 3.5 (2.23) can be approximately represented by:

G -
s1 = 2w B (g 72, eT

e

(2.23)

Thus we see that the current-response to 6T is a monotonically decreasing

function of BA, for BA> 3.5.
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Fig.2.6 Equivalent Circuit for a Superconductive

Quasiparticle Tunnelling Junction.
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In the following we work with the maximum frequency Fourier component
of a gaussian-pulse, (angular frequency w) to obtain a pessimistic
approximate voltage response for the temperature pulse.

Referring to Figure (2.6) the S.T.J. equivalent circuit,

we see that the voltage response 8V to 6T is:

. 1 1
= 2.
8V 81/ (Juwcy + rm Rleak) (2.24)

For w ¢+ o and Rleak = » (no leakage and slow temperature changes)

equation (2.24) becomes:

v = 6I Rdyn
Substituting the expressive for Rdyn equation (2.16) and replacing Ve
by A, and 6I from (2.73) we get:
K
B eBA

&V = E—-BA (

-2) . T (2.25)

The voltage response is thus independent of G, and increases
monotonically with BA. This increase is due to the rapid increase
of R dyn with BA, overcoming the decrease of ¢I. For practical cases
R leak is finite. Thus the voltage response rises initially with

increasing BA until Rdyn becomes comparable with R leak, thereafter sV/sT

falls with increasing BA.

For w # 0 under conditions where (jch) is comparable to
1/Rdyn., the capacitance reactance acts as a shunting impedance across

Rdyn. Thus the voltage response increases initially
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with increasing BA. it is conceivable that R may be eliminated with

leak
improved technology but junction capacitance CJ cannot be avoided. For
the general case considering the effect of CJ and Rleak , substituting

the expression for 6I from equation (2.23) and Rdyn from Equation (2.16)

into equation (2.24) we get:

2G, . aK

- 1 -
v = M Bgnzy B o1 [ (Guc, + + (26 BAe Pk, (84)
e J R NN
leak
(2. 26)
The power-response W to 8T is:
W= 8I.6V = &I? |zJ|

(of this a maximum of % is available to a matched load). For w - o

and Rjeak = @ using equations (2.23), (2.25) we get:

26 2 -BA
sy = NNOKB™ (gA)3 (1 - 2¢777)2 612 (2.27)
e2

For BA > 3.5 equation (2.36) can be approximated by

2G,...aK 2
W = NE—ZE— (8r)3 . 612 (2. 28

e

Thus the signal power increases as (8A)3 and is proportional to G.
This monotonic increase in signal-power is due to the rapid increase

. . 2 . . -

in Rdyn’ overcoming the decrease of (8I1)“. When R1eak is finite, or

the frequency F o such that (jch) is a significant portion of l/ﬁhyn

))
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the increase in IZJI is limited, and with increase of BA, 6W increases

initially, then decreases.

Choice of S.T.J. for use as Particle-detectors

By using BA as the temperature parameter for expressing
6I, 8V, 6W, the resulting equations apply to any S.S. S.T.J.'s.
Thus the optimum BA operating values for maximum response to 8T are the
same for all values of A. Total mean square noise voltage (for all
frequencies) to be shown in the "inherent-noise" section to be proportional
to A, thus for a given G, and CJ, (and bandwidth) we use the smallest A
such that at the lowest operating temperature 8A is the value for maximum
( V response to thermal input /Vn Total). Another factor favouring
small A and low operating temperatures for S.T.J. used as particle
detectors is the decrease of specific heat of the substrate and the junction
films with decrease of temperature. Summing up the choice of A: use the
lowest available A the value consistent with being able to operate at

the optimum BA value.

Metal-Superconductor (N.S.) S.T.J.

From equation (2.12) and choosing the bias voltage V such that

eV = A/2, close to the maximum dynamic impedance point, we get:

8A

61 = (882 e Z [1 - 36 "8

]. 6T. (2.29)
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We have BA as the only temperature dependent parameter, thus
this equation describes all N.S. junctions biased at V = BA/2e. As in the
S.S. case the approximations leading to this equation is valid for gA > 3.5.

- BA
From (2.29) we can see that for large BA,81 is proportional to (BAM)2e 2, and

decreases monotonically with BA. From Figure (2.g) we arrive at the

same equation for &V as in the S.S. S.T.J. case (given by equation (2.24)).

. 1
§v = &I uc, +
/ (Juey Raym Rloak )
For w > o and R leak = « i.e. no leakage and low frequency temperature

changes, we have:

¢V = SI-Rdyn '
substituting for Rdyn from equation (2.2) and %—for Ve, and 81 from (2.29)
we get:

K -BA
8V = moph [FTSS ] 6T (2.30)
1 + e
-~ KB
~ TS BA . 6T for (large) BA > 3.5

Thus the voltage response as in the S.S.S.T.J. case is independent of junction
normal tunnel-conductance Gy, and 8V increases linearly with BA increase.
With the presence of Ryg.y. 8V increases initially with BA until the

increase in R.dynmakes Rieak significant, then 8V decreases as the decrease

in 6I. For w # o as in the S.S. S.T.J. case the reactance of C; acts as a

shunting impedance, causing a decrease in &V with increasing BA when

Rdyn is comparable to |Xe].



- 39 -
The power response 6W to 6T is: -

S~

W =68I. &V = 512|le

for w > o,ancbl‘R1eak = «, using equations (2.29), (2.30) we get:

. ’ ) 2 N
: GNNKB BA gA 2

_ 3 -2 1-3e o1 (2.31)
W= —5— (BA)7 e —
de S 1 +e
G0k 2. - BA
2 I-%]EZ—E‘— (BA)3 e 7Z 812

Thus the signal power initially increases as"in the S.S. S.T.J. case
: , gl

as (BA)3 then decreases,'démped by the e 2 factor from the current

response, even for an ideal junction. . The maximum occurs at BA ~ 6.

‘Comparisons of N.S. and 8.S. S.T.J.'s

From equations (2.§3) and (2.é9) we get for N.S., and S.S.

A,
~E

S.T.J. with the same GﬁN‘and,biased respetiiﬁely(ag~V'=-%€ , and V =

61 _Ba -BA
SS T 1 - -
— = 4e [-—-——-————1 2 e—BA] . (2.32)
8
T 4e T

Thus for BA > 2.8 the ratio is ~ < 1, and decreases for
increasing BA. This result originates from the fact that for a
quasi-particle to tunnel in the N.S. junction at zero bias the energy

~

needed is A, whereas 2A is needed in the case of S.S. junctions.
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- From equatlons (2.24) and (2 30) for N.S. and S.S. S.T.J.'s with the same-

and V = é—-, we get:

NN > J’ and biased respectively at V = 5; S
8V e, 1 e
( ss)w _ 8T/ /R'dynss- + Rygax * jwC;)
GVNS

1 1 .
C
STys ! C/Raynns * /Ricak * IWCy)

"Substituting fof'GIss/SIns from equation (2.32) and using the expressions

for Rdyngg, Rdynyss we get:

3/2,
Y 1/ : )
6V - BA (e - 1) (Rygqgx * 3WC5) (2,33
5' S5 w ze 1+ 1/ . 1/
Ns (""Raynss *+ JWCy * Rieak)

For w = 0 and'Ryggk =

f 8V, '
SS ~ BN . 224
(5\,&5) " 2 ge | (2.34)

Thus for low frequencies the S.S.VS.T.J.-gives better voltage response,
the difference increasing with BA.

For uC; Rgyn >> 1.

'<6VSS . - BA | -
v o = de 7T : (2.35)
Vys/ @7 , | -
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This-results. from thg‘quction capacitance swamping the Rd
of the juncfions; making the junctions_essentially equgi.in impedance
1eaviﬁg the voltage fatios équal to the current ratios. This does
not occur until w .102 +1010 for the junctions-of interest. For particle
deteqtorlapplicationé mb~ 106 and equation (2.34) still applies.
From £he_équation for § W (2.27) and (2.31), for w > -0, R leak » =
and Biasing at 'V =A%E-, and V = —%— for N.S. and S.S. junctions

respectively,'We get:

o

W (- 2By 2 (1B oz P2 (2.36)
__.§_S_.‘ = -BA 2 BA .
. : (1 - 3e.7 ) e——z'

" We see that for low frequencies for which |Xe | >> R the 'S.S.
- : v J dynss _
junctions give better signal-power. The ratio (2.36) is significant

when amplifier-noise is the dominating factor.

“performance figures for S.S. S.T.J.'s:

A useful performahce parameter relating to current response of a
S.T.J. is the current-response per degree change in temperature, peT
unit junction normal tunnel conductance.

From equation (2.23) we get:

NCES) 2K \
T "E"E- Ky (802 (BM)2 (1 - 2¢7°%) (2.37)

GNN
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Fig. 2.7 Current Response Sensitivity Per Unit Junction Normal Tunnel Conductance.
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where K; (BA) is the modified 1st order Bessel
function of the second kind.

The function of equation (2.37) is plotted in Figure (2.7)
and it shows clearly the decrease of the normalized current response
with increase of BA. With the voltage-response it is not possible to
get such universally applicable relation as (2.37) because of junction
capacitance which is a different function of area and barrier thickness
than G, and R1eak can be any value, except for the special case of

w > o and Rleak = =, For this special case representing low-frequency

temperature changes and no leak in the junction, from equation (2.25)

K

3 o B :
(—5¥J z = Ba (e P4 - 2) (2.38)
For wC, R 5 1 where the effect of C, is significant it becomes
J “dyn J

necessary to use examples. We take for this example the parameters of

a junction we used in an experiment, as shown below:-

1 1 -1
Riyn = 72.5 = (—— + =)
yn Rdyn R leak
GNN = 2.9 .mho
c, = 1500 pF
A = 0.8905 x 10'22 J

at 1.2°K corresponding to BA = 5.375,

‘The voltage response curves are shown in Figure (2.8). They were

calculated using

‘3%5' a%s 1 1
3T |w = A BT

dyn
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3V (w)

The curves clearly show the increase of AT with increase of BA

and for the w = 10% curve the decrease of %%-(w) beyond BA = 5.8,

The other curves (w = 102 , 10" ) would also show such a decline in

%¥ for sufficiently high B8A.

‘Inherent Electrical Noise in S.T.J.'s

Because of the low temperature of operation of the S.T.J.'s
the only electrical noise of significance, is shot-noise from the junction
bias-current. The equivalent circuit of Figure (2.6) is used for the

following calculations.

Shot-noise:-

2 - 39)
I 240t 21 e Af | (2. 39
where IQp = bias current
Af = frequency interval of interest.

(2.40)
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where: w, = the high frequency limit of the frequency band
of interest, here we go from w = 0 to w = CR
1 1 -1 . . .
R, = (7/ + 7/ ) » the effective dynamic resistance.
d R R
dyn leak
(R

dyn is the inherent junction dynamic resistance).

from (2.40) the noise power contribution of shot noise is:

1 -1
Py = Vy 2 /R, = e tan o (CRy) (2.41)
shot W.CJ

For the special case of w, = @

I. .e.R
shot 2CJ
I. .e
Py - (2.43)
shot 2C
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The noise powers are useful in determining the amplifier noise level
to aim for to take advantage of the full capability of the superconductive

particle detector. For typical operating frequency bandwidth of

6 -1
10" Hz , C; ~ 2000 pF and Ry~ - 100 tan™ (woC, Rygn ) = 51.5°,

that is, the noise is about 0.57 of the all frequency case.
Note that the above equations (2.40) to (2.43) applies to both N.S. and
S.S. S.T.J.'s.

For S.S. junctions we get from equations (2.15), (2.16) ISS and Rdyn

and substituting in equation (2.42) we get:

—_— BA
e

2 _ ( - 1)
VN shotgg = 4

2 CJ BA

(2.44)

For N.S. we get from equations (2.8) and (2.10) Ins and R dyn (N.S.)

and substituting in equation (2.42) we get :-

2 _ tanh (B4/2)

V
N shot NS 2CJ

(2.45)

In the above equations for mean-square noise voltages the junction
normal-tunnelling conductance GNN does not appear as a result of our

assumption of no leakage, thus for shot-noise the I {(and INS) and R

SS

dynNS) dependences on G NN cancels. The above equations are

written with BA grouped as a parameter. In equations (2.44) and (2.45)

dynSS
(and R

we see A multiplied into functions of BA, which because of BA dependence

apply to all superconductive quasiparticle tunnelling junctions. The
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presence of A thus indicate a linear dependence of mean square noise
voltages on A. Since we previous found (equation (2.25))that the
voltage response is independent of A for junctions operating at the same
BA, the signal to noise ratio is dependent on %/A.

For S.S. junctions we get the noise power from equations (2.44) (2.16):-

— AG
s p NN

- -BA
PN total N shot ~ C; —Ky(88) [1 - e "]

(2.46)

and for N;S; junctions we get the noise power from equations (2.45)

(2.10):-

— - Can

Py total - PN shot™ 8+ g— Ki(BA) Cosh (BA/2)  (2.47)

The noise power and mean-square noise voltages also depend linearly on A.
The noise powers are also proportional to G, (as for signal-power).

From equations (2.46) (2.47) we get the ratio of noise powers for S.S.
and N.S. junctions (with the same GNN’ C. and biased at V = A/e and

J
= A i = o = o
V = " /,e respectively, wo = o and R1eak ).

BA

Purss  L-e 3 5 B2 tannieasy) (2.48)
= ~ Cosh (84/2
NT NS
=2 e—BA/z; approximations valid for BA > 3.5



- 49 -

a —particle

trajectory - a — particle

trajectory

— - /

——

temperature
g ‘ contours at an A g
sT . instant after v s
particle impact -

normal inclined
i impact impact ! v —>

Fig. 2.9 Variation of Signal due to Angle of Incidence

of Impinging Particle.
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Fig. 2.10 Variation of Signal due to Impact of Incoming
Particle at Different Points of a Finite Sized

Junction.
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We see that the noise power is smaller for S.S. junctions. We can

get the power signal-to-noise ratios(S.N.R.) from equations (2.36), and (2.48):

. BA
S.N.R. power - © (2.49)

We see that S.S. junctions are clearly favoured for use as superconductive

particle detectors, where the frequency response required is smaller than

6

9
10” Hz, (far below 10” Hz when N.S. junctions show comparable performance.)

Other factors affecting the resolution of SPD's,

Statistical fluctuation of total number N of charge carriers generated by

particle. This effect has been considered in detail in Chapter 1. As the
fluctuations in the number is of the order of v N the loss of
v N

resolution due to this effect is /N = 1/v N . This favours a large

signal current, thus small A.

Barrier oxidewfhickness fluctuation. Due to the fluctuation of oxide

thickness the local tunnel cond. per unit area can fluctuate and thus
cause variation in output current with impact location. This factor was
investigated theoretically}and was found to be insignificant due to the
relatively large area of increased temperature as compared to the size of an

area in which the average deviation from the mean thickness is significant.

Angle Effect. AThQ angle'of the particle track relative to the substrate

surface of the STJ for the glass-substrate type particle detectors, can
cause changes in output signal waveform. The two extreme cases are normal-
incidence and grazing-incidence. The latter shows a higher signal waveform
amplitude, but decays faster as compared to the former, as expected from

the physical situation shown in Fig. (2. 9). Calculations to be
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described in the "numerical calculations" chapter to follow give details
on the calculations pérformed to estimate this effect. The 'angle—effect'
does not exist for the heat-sink chip type of particle detector where the
heat pulse is assumed to be spread uniformly in the chip in negligible
time in relation to thermal relaxation and electrical time-constants of

the STJ; or the phonon-barrier type where the heat-spread is essentially

2-dimensional.

Finite Junction-Size Effect. The effect is so named because the particle

can impact at the edge or outside the junction, also the thermally affected
zone of‘significance can be greater than the junction-size. The signal
output depends on the point of impact of the particle, as can be seen

from Fig, (Z.ila, where the temperature contours at an instant due to a
particle impact are drawn and the STJ outline superimposed at 3 different
relative locations. It is clear that location;(l) gives the greatest
signal, and at (3) the signal decays more rapidly than at (2). This effect
was so dominant that no energy 'line' or 'peak' was visible in the analysis
of the output signals by a pulse amplitude analyser. Instead a relatively
sharp high-energy end cut off, corresponding to signal-output due to
impacts in the central regions of the STJ, was observed. This effect is
calculated in detail in the "numerical calculations" Chapter 3. This
effect occurs to a lesser extent for the phonon-barrier type of particle
detector. Here it is properly called 'Edge effect'", because the substrate
is absent thermally, impact near the edge does not cause heat to be lost

to the STJ (if the electrical contacts are such as to minimize heat loss),
but the signal output is affected because of the different time-development

of temperature contours.
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CHAPTER THREE

NUMERICAL METHODS AND RESULTS

INTRODUCTION

In the previous Chapter theoretical expressions for the
characteristics of STJ were derived, in particular the response of the
STJ to a small temperature change was calculated, Except for the case of
the "heat-sink chip" model the temperature of the junction as a function
of time and position on the junction, could not be calculated
analytically because of the rapid change of thermal-constant
values with temperature at the low temperatures. Consequently
numerical solutions of the non-linear heat diffusion problems
had to be made. In this Chapter the method of finite differences with
variously 1,2, and 3 dimensional arrays of cells is applied to the calcu-
lation of temperatures in the phonon-barrier and glass-substrated SPDs.
(The phonon-barrier superconductive particle detector was not fabricated.
Calculations were made only to estimate the performance of this possible

type of particle detector).

Modification of the form of the classical heat-diffusion equation

The classical heat-diffusion equation for temperature dependent

specific heat Cp(T), thermal conductivity K(T) and density p (T) is:

aT

V . (K(T)-VT) = Cp(Tp- (3.1)

ot
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In this form the equation is too complicated for effective numerical
solution. The equation can be simplified using the methods described in
Jaeger and Carslaw (Ref. 3.4). We define a transformed temperature 6(T)
by

T

6 (T) = ]1<—O- [ K (TYdT" | (3.2)
To

where To is a reference temperature equal to or less than the lowest
temperature of the system under consideration, and Ko is an arbitrary
constant. Note that 6(T) is a monotonically increasing function of T by

its definition. Using equation (3.2) we get:

3 = 30 (T) -
B = Gy s em = S E
i i
- 63T o
dT ¥ i
_ k(D)
- Xo V(T)

Thus equation (3.1) can be written as:

V * (Kov8(T)) = Ko¥26(T) = Cp(T)o(T) -g% (3.3)
Since 3T - 4T 30 _ Ko . a8
Wee 5 T 3@ T KD 5t ’

(3.3) becomes:
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_ Cp(T(8))p(T(8)) . 29
Vo = K(T(6)) 3t (.4

Equation (3.4) is much more suitable than (3.1) for numerical solutions.

Boundary conditions for the heat diffusion problem glass-substrate type

superconductive particle detector

The glass-substrate superconductive particle detector is shown in
Figure 2.1 of Chapter 2. The top-surfaces of the junction film and that of
the glass substrate not under the junction film are considered insulating
boundaries. If the surfaces were coated with a protective layer of rosin
(see Chapter 4 for details of protective layer), this layer would form a
phonon-barrier. Alternatively the junction film surface or glass surface
and the super-fluid film which is assumed to cover the junction film at the
operating temperature of 1.2 K, constitutes an insulating boundary because

of the acoustical mismatch Rof+(3.1)

The glass-metal (junction film)
interface is considered to be thermally well coupled to the glass substrate
at the glass metal interface.

For the present experiment 98% of the o-particle energy (5.13 MeV)
was deposited in the glass substrate. Thus to simplify the computational
problem the particle energy was assumed to be all deposited in the substrate.
The superconductive tunnelling junction is assumed to be a thermometer,
the thermal-presence of which was ignored in the calculations. This
approximation is valid only if the heat-capacity of the junction film is a
small fraction of that of the heat affected volume of the glass substrate,

and if the thermal conductance from the impact zone along the plane of the

junction film is small compared to that of the heat affected volume of
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glass. b

The heat capacity of the 0.2 mm x 0.2 mm x 4000A Sn junction films -
was 1.03 x 10-12 J/ K, as compared to the heat capacity of the heat
affected volume of glass (0.2 mm x 0.2 mm x 32u) of 1.484 x 10_11 giving
a ratio of 0.07. Thus we can ignore the heat-capacity of the junction
films without introducing too much error.

Because of the small film thickness of 2000A and the low temperatures
and consequently long mean free path, boundary scattering of electrons and
phonons becomes very prominant and drastically decrease the thermal
conductivity, Deriving a value for the film thermal conductivity requires
a chain of arguments, in which the most pessimistic supportable extrapolation
procedures have been used in order to arrive at a valid upper limit,.

From Andrew's (Ref. 3.7) data in Table 2 of his paper we can derive

the resistivity ratio p (where p; = foil resistivity (for a
F/p F

B I3.8K
3.34p Sn foil in this case) and Pp = bulk resistivity (using the value

given for a 1950u thick foil)) as follows:

P38k, ‘B3.sk PR 3.8k
°F 201K °B 291K °B 3.8K

Here, we have set Pe 291k = PB 201, because of the small electron mean free
path at 291K as compared to the foil thickness. Thus from Andrew's data
= 20.1 x 107

= 1.80 x 10'4,

for his specimen E18, foil thickness = 3.34u , pp 3 8x/PF 201k

and for specimen E7 foil thickness = 1950u , Pp 3 8K/pB 291K

we get:
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PF 3.8k
- Pp 3.8k

= 11,167
Using the Fuchs-Sondheimer formula for size effect on resistivity ratio
(Ref.3.9) for x = t/2<<1, where t = film thickness and % .= electron mean

free path, for(ﬁfﬁJse-scattering at film boundaries:

= 0.75x+(0.423 - 2n x)
Pg i
it was possible to solve for x given pF/pB.

Using the above pF/pB l 3.8K,X =-109.2. The electron mean free path.
'1s expected to increase with decreasing temperature, .thus this ratio
should be larger at 1,2°K, our operating teﬁperature for the junction.
To get some idga of the value at 1.2 K, the resistivity ratio pF/pB for
Andrew's specimen. E18 were plottedrvs.'temperature.and eXtrapolated
graphically to 1.2°K. It was féund that the ratio was most probably greater
than 14, correspondlng to a calculated electron mean free path of > 0,15 mm.,
Thus for normal Sn at 1.2 K the re51st1V1ty ratio pF/pB calculated'usingA
the Fuchs-Sondheimer formula was > 142, (for film thickneés = 2000A) .

For superconductiﬁg Sn, the mean free path of the quasiparticles would
be of the order of normal Sn conductipn electron mean free path value.
Some of the conduction electroné condense to form-Coopeerairs, Temoving
them from heat conduction contributions. When the quasiparticles form the
major @ontribution to the thermal conductivity, then the Wiedemann-Franz

2r2 .
Law (K = W,KB T . o) applies and the thermal conductivity ratios of the

3e2
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film to bulk value is the same for the corresponding ratios of electrical
conductivity. The phonon contribution to thermal conductivity becomes
significant at lower temperatures (for To <0.3Tc See Ref, 3.15) with
decrease of quasiparticle density, Size effect reduction of thermal
conductivity contribution of the phonon component due to film boundary
scattering also occurs(Ref'S'g). In general it is expected that the
phonon mean free path is not smaller than the electron mean free path.

Thus it is reasonable to assume the same size effect reduction factor for

the phonon component of thermal conductivity as for the electron component.

Therefore:
i _ Sph _ %pap | Krel | %Fe:
% 11,t  Xepn KBop KBe1  %el

]

where K = film thermal conductivity, o electrical conductivity,

Subscripts F = film, B = bulk, Ph

phonon, Qp = quasiparticle,
el = electron.

In conclusion,

Re/Kg | sn,1.2 < 1/142.

and since K 7lw/mK  (Ref.3.5) we get K < 0.500 w/mK,

B | Sn,1.2Kk ~ F | sn,1.2K

in the plane of the film,

Thus the ratio of (radial) thermo-conductance of junction films to that
2tK
of the heat affected volume of glass = —F = 0.178

Z
KG
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KF = thermal conductivity of Sn film in the plane of the \
film at 1.2K = 0.500 w/mk
KG = thermal conductivity of glass = 0,035 w/mk at 1.2K
where
Z = penetration depth of the o particle in glass = 32u

t = thickness of Sn junction film, factor 2 because of

the two layers of junction films,

We see that the junction film does play a part in heat transport but can be
ignored to a first approximation. The effect of the heat transport by the
junction film is to increase the rate of heat dissipation from the hot
central region of the a-particle impact and decrease the signal current

decay time constant,

Phonon-barrier type superconductive particle detector

The structure of the proposed phonon-barrier type superconductive
particle detector is shown in Figure 2,2 of Chapter 2, The performance of
this type of superconductive particle detector is expected to be better
than the glass-substrate type, in particular at low particle energies, and
1s easier to fabricate than the heat-sink chip type superconductive particle
detector. Thus the performance figures are of sufficient interest to
justify the numeriéal calculations to derive them.

The top surface of the junction films as in the glass substrate type
particle detector is an insulating boundary, for the same reason. The
bottom of the junction films in contact with the phonon-barrier layer is

also an insulating boundary. Thus the heat flow is essentially 2-dimensional,
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(Note that as above, because of size effect the thermal conductivity along
the direction of the film is reduced and this reduced value must be used

in the calculations,

Numerical 501ution5'with'radia1'symmetry

An a-particle penetrates a glass-substrated STJ at normal incidence,
shown in Fig.3.1a, Restricting ourselves to early times of the a-particle
induced temperature-transient (time shorter than that required for significant

heat to diffuse a distance equal to the depth of penetration of the

("heat spike™). This approximation results in R the radius being the only
spatial coordinate for temperature,

In Fig.2,2 and in associated discussions in Chapter 2, bage 5, we saw
that for the phonon-barrier type SPD the heat diffusion essentially occurs
2-dimensionally along the plane of the Junction film, Ignoring the edge
boundaries of the junction films, a valid approximation for impacts in
the central area of the junctions, the heat diffusion problem resulting from
an a-particle impact is radially symmetric, It therefore differs from the
glass-substrate case only in that the diffusion equation uses the thermal
properties of the metal film. Thus the heat diffusion problem can be

approximated by the cylindrical symmetry as shown in Fig.3.1b, with the
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initial deposition of heat per unit length in the axis given by the heat

deposited in the film divided by the film thickness.

Translation to Finite-Differences equations

From Equation (3.4) substituting the Laplacian for radial symmetry,
we get:

v2 - 228 , 1 38 _ Cp(T(8)) -n(T(8)) . 26 (3.5)

r or K(T(8)) at

(Ref.3

. .. . 4) .
Translating to finite differences 351ng r=me, and t = nT we get:

28 (r,t) ‘fm+l, n - 6m-1, n " Om+l, n '~ 6m,n
LAACY LN - or
or 2e €

where 6m,n = 6(me,nt) = 6(r,t).

Both forms of the first derivative are given because the first is used as
the expression for the first derivative, and the second is used to derive

the second derivative expression shown below:

320 (r,t) 1

> > [6m+l,n - 26m,n +6m-1,n]
at €

Thus

V20 ¢—p fﬁéz [(2m+1) ém+l,n - 4mém,n + (2m-1) ém-1,n]
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further %% é~—->%-(6m,n+1 - 6m,n).

Thus Equation (3.5) written in finite differences form is as follows:

1 [(2m+1) 6m+l,n - 4mém,n + (2m-1) 6m-1,n] = EEE-- %—(6m,n+1 - 8m,n)
2me A
(3.6)
Solving (3.6) for 6m,n+l we get:
ém,n+l = EEB- : [(2m+1) 6m+l,n - 4mém,n + (2m-1) 6m-1,n] + 6m,n
2me?
(3.7)

The Equation (3.7) gives the transformed temperature at r = me(cell 'm')

at time t = (n+l)T in terms of the transformed temperatures of itself and
its neighbours at time t = nt. Using the configuration shown in Fig.3.1b
for 'cells', 'm' takes half integer values (%,1%,2%...) m = 0 does not occur,
thus avoiding the singularity for r = 0 (m = 0), ensuring the validity of
(3.7) for all the m values used. For the calculations of 6%,n+l we need the
values of 6-%,n, This value is provided by the axial "boundary'" condition,

T 0atr =0,

namely no heat flows into or out of the axis, thus p

implying %%— = 0 at the axis because of the monotonic dependence of 6 on T.
This is equivalent to the finite difference expression for an insulating

boundary namely 6-%,n = 68%,n, which is the required expression for 6-%n.
Yy Y s s q P
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Initial and boundary conditions

For the present problem the energy of the a-particle was assumed to
be deposited as heat in the axial cell (m=)%). The resulting temperature
and transformed temperatuie 6 of the axial cell was calculated and the
transformed temperature used as the initial 8 of the m=!; cell. The rest
of the cells start at the operating bath temperature expressed in 6. It
is not possible to have boundaries at infinity in a finite difference
problem, but the boundary can be placed sufficiently far away such that
the effect of heat-flow or lack of heat-flow through the boundary (corres-
ponding to constant temperature and insulating boundary conditions respect-
ively) is negligible for the duration of physical interest. For the solutions
discussed in this Chapter, the boundary cells were fixed in temperature at
the "bath-temperature', i.e. a constant temperature outer boundary

condition was used.

Thermophysical data used for numerical calculations

Since the properties of the glass substrates used (Corning "Process
Clean" #2947 microscope slides) were not available in the literature or
from Corning, values of specific heat Cp(T) and thermal conductivity K(T)
were taken from References (3.10), (3.11) respectively. The Cp(T) values
From Reference (3.10) are for "pyrex" glass and the values were provided
for 1K to 20K. The thermal conductivity values given in Reference (3.11)
were 'averages' of quartz, pyrex and borosilicate glasses, and values were
given down to 4K. Values of K(T), for 1K to 4K were obtained by extra-
polating a 6(T) (thermal boundary potential) vs. T curve for pyrex glass,
26(T)

T

Ref.(3.12), then calculating K(T) by the relation K(T) = < - The K(T)
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TEMP. K Cp(T)J/Xg-X. [ K(T)W/m-K TEMP.X Cp(T)J/Xg-K K(T)W/m-X -
1.0 0.109x107? 0.305x10" 5.5 0.590 0.110

1.2 0.126 " 0.350 " 6.0 0.770 0.113

1.4 0.142 " 0.400 " 6.5 | o0.100x10" 0.115

1.6 0.163 " 0.460 " 7.0 0.130 " 0.117

1.8 0.197 " 0.520 " 8.0 0.200 " 0.119

2.0 0.238 " 0.570 " 9.0 10.300 " 0.120

2.2 0.289 " 0.600 " 10,0 0.410 " 0.120

2.4 0.360 " 0.650 " 11,0 0.570 " 0.121

2.6 0.448 " 0.700 " 12.0 0.720 0.123

2.8 0.552 ™ 0.750 " 14.0 | 0.110x10° 0.129

3.0 0.686 " 0.790 16.0 0.160 " 0.133

3.2 0.850 " 0.820 18.0 0.210 " 0.140

3.4 0.104 " 0.840 " 20.0 . 0.270 " 0.146

3.6 0.127 v 0.%900 " 22.0 0.320 " 0.152

3.8 0.154 " 0.920 " 24.0 0.380 " 0.162

4,2 0,223 " 0.100 " 26.0 0.430 " 0.170

4,6 0.330 " 0.102 30.0 0.550 " 0.190

5.0 0.420 " 0.107 " 35.0 0.710 ™ 0.210
Density p = 0.223 x 10 Kg/m3 negligible variations over temperature range

of interest,

TABLE: 3.1 Specific Heat and Thermal Conductivity Data of Glass Used in

Numerical Calculations Relating to the Glass-Substrated Super-

Conductive Particle Detector
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curve between 1K and 4K so obtained was matched to the K(T) curve

given by Ref.(3.11) at 4K to obtain a smooth transition. The values of
Cp(T), K(T) used for the numerical calculations on the glass substrated
S.P-D are tabulated in Table (3.1 ). Because of the uncertainty in the
values of Cp(T), K(T) used, the calculated results are expected to be
uncertain to the same degree, but should have similar characteristic shapes
as observed results. However, being a glass substrate, the thermal constants
are probably not too different from the values used, possibly within a

factor of 2. Thus the numerical results are quantitatively significant

to this degree. (If the actual thermal constants for the glass substrate
could be determined and used, the numerical results would be quantitatively
valid.) Thermal constants for Sn and Pb used for the phonon-barrier type
S.P.D calculations were obtained from data given in Ref.(3.13), (3.14)
respectively. For thin junction films the data on K(T) was modified to
account for the size-effect reduction of thermal conductivity in the plane
of the junction film. The reduction of the K(T) value is dependent on the
junction film thickness and also dependent on the temperature, since the
mean free path of the conduction electron is temperature dependent.

However, the change in temperature over the major portion of the signal-current
pulse duration is small, thus the reduction factor is essentially that at

the operating temperature.

Temperature and signal-current calculations

With the initial and boundary conditions described in the previous
section the Equation (3.7) was then used to calculate the transformed

temperature for all the cells for a time 't' later. This process was repeated
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for as long as desired, giving the temperature-profiles at intervals of T.
The calculated surface temperatures at each cell was used to calculate the-
excess junction current flowing through the area of that cell. The total
excess-current from all areas of the junction covering 'cells' was summed

to give the junction signal-current.

Stability Considerations

In finite difference calculations eand T cannot be chosen independently,

since the round-off errors must not propagate and diverge(Ref's'g).

Writing M for [ %2‘(E§BJ 1 in (3.7) we get:

fm,n+1 = M(1 + %EJ ém+1,n + (1-2M) 6m,n + M(1 - %EJ m-1,n (3.8)
Representing errors in 8 by &6 we can derive from (3.8):

§ém,n+1 = M(1 + éﬁﬂ §6m+l,n + (1-2M) ém,n + M(1 - %59 §6m-1,n (3.9)

1 1
som,n+1] < [M(L + ) [[sem+1,n] + [(1-20)|[86m,n| + [M(O - 7]

-] 86m-1,m| (3.10)
If n is the largest of |86 then
1 1
|som,n+1] < M + 52| o+ @ - 20| + MO - 5[0 (3.11)

Since M is greater than zero (by the definition of M) and m > % the right hand
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side of Equation (3.11) = (2M + |(1 - 2m)|)n.

For errors mnot to prdpagate'laem,n+1|must be < n for all m,n+l.
Now

(2M + |1 - 2M]) = 1 for M < %;

>1 for M> % : (3.12)

For errors not to propagate, (2M + |1 - ZMI) must not be greater than 1,
thus requiring M < %. This condition is sufficient for convergence but not
necessary in all cases, since in Equation (3.10) we have used the worst case
errors by taking the absolute values. In practice, M =Y is a borderline
case, and may result in oscillatory but finite solutions, hence for the
present solutions an additional factor of 2 for safety was used by chosing

M to be smaller than %, i.e.

__IS. . F < L
Cpp eZ *
2
e<Cpp
or T < 7K (3.13)

This meant that for numerical stability once &2

was chosen, then the

. . Cpp .
maximum value for T was fixed. In the present problem ( X ) was a function
of temperature, since (3.13) must be satisfied at all times and locations,

thus the minimum value of E:-%-)--expected to be encountered in the solution

had to be used in determining the maximum value of T.
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Computer program organization for the l-dimensional radially symmetric

‘approximations

The value of Cp, p, K obtained from Refs. (3.10), (3.11), (3.12), (3.13)
and (3.14) for Sn and Pb were supplied in table form at discrete tempera-
tures, from which values for inbetween temperatures were obtained by
interpolation. From K and the Equation (3.2), chosing Ko = 1 we get the
corresponding scale of transformed temperature. The transformed temperature
of the bath ("UBTH") is first calculated and was used as the starting
temperature for all but the axial cell (m = %), and as the boundary constant
temperature. The intial temperature of the axial cell for a qﬁantity of
heat Q deposited by the particle (Q = equivalent heat/unit length of
a-particle track, for the present approximation, In calculating Q, the
energy dependence of dE/dx of the pérticle traversing the substrate was
ignored, and it was assumed that dE/dx = constant so that Q = Eoa/& where
Eo was the total o particle energy loss in the substrate and % was the track
length., This assumption was necessary to provide the uniform heat energy
per unit length along the central cell required for the l-dimensional
approximation to be valid. Q was calculated by the integral relation

Tinitial
Q= f CpodT(me?) (3.14)

Tbath

The initial temperature was then translated to transformed-temperature,
completing the initial and boundary condition specifications.
U(N,1) was used to label the transformed temperature of the (N—l)th

cell. The transformed temperature of the axial cell was thus U(2,1) and
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U(1,1) =-U(2,1) provided the axial boundary condition. The U corresponding
to the outer boundary cell was set at "UBTH" to provide the constant
temperature outer boundary condition. The second label 'l' of U(N,1) was
used to indicate the known temperature at the current value of time, while
in U(N,2) the label '2' indicates the transformed temperatures for the
subsequent time, calculated using Equation (3.7). Because of the stability
condition, the time interval T was too short for the data to be of

interest at each step, thus the program repeated the calculations a
specified number of times before translating the U values to temperature

(' K) values for printout. Using these temperature values and a table of
excess current-density as a function of temperature and bias values (for

a reference function) the excess-junction current contribution of each
element of junction area was summed-up to give the total excess junction
current, i.e. the signal-current Is' (The junction bias-voltage value

used for the calculations was the specified applied voltage less the
linearly extrapolated Is times the specified 'load-line' equivalent
resistance). In this program when the ratio of the transformed-temperature
of the cell adjacent to the axial cell, and that of the axial cell falls
below a specified value, the cell sizes were doubled by averaging the heat
between pairs of adjacent cells, and adding cells (of the new size and at
bath temperature) to make up the numbers., The time step T was quadrupled
as permitted by the stability-condition Equation (3.13), and calculations
were continued with the results of the previous calculations as new

initial conditions. In this manner, when the thermal gradients were small,
needless detail in calculations were eliminated, shortening the calculations

required to reach a specified value of the pulse-evolution time.



- 70 -
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FIG. 3.3 TEMP, PROFILES 1-DIM. RADIALLY SYMMETRIC HEAT-DIFFUSION
IN GLASS. . o
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FIG. 3.4 Is Vs TIME, 1-DIM. RADIALLY SYMMETRIC APPROX. of a-PARTICLE
IMPACT ON GLASS-SUBSTRATED STJ. .
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Verification of numerical methods

To test for errors in the program or the method of calculation, the
program was used to calculate the temperatures with non-temperature
dependent Cp, p, K and the results compared with an analytic solution of
the same problem:-

r2
—
AT(r,t) = L o 4tlcpp) (3.15)
47Kt
where AT is the rise in temperature, and Q the heat per unit lengths of
axis. Some of the resulting temperature profiles from both methods were
plotted for comparison in Fig. (3.2). It is clear that the agreement is

very good, indicating the validity of the numerical methods and the

computer program.

Results: 1-Dimensional radially symmetric approximations for glass

substrated SPD, valid for early times

The calculated temperature-profile Vs. time is plotted in Fig. (3.3).
The results are good approximations of the resulting surface temperature
profiles of normal-incidence o-particle impact with a finite track-length
(v 32 um) up to the time when the effects of the finite length of the heat
track begin to show at the surface. Assuming this occurs approximately at
times when temperature changes start to occur at radial distances equal to
the expected track length, (32 um), the time interval of valid
approximation is at least 40 ns. The calculated junction-current is thus

expected to be valid during this interval Fig. (3.4). For times greater
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FIG.~ 3.5 NORMAL-RADIUS Vs TIME, DERIVED FROM 1-DIM. RADIALLY
SYMMETRIC APPROX. OF a-PARTICLE IMPACT ON GLASS-
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than this it is necessary to use a more complicated geometry to do the
heat-diffusion calculation, which requires large cell sizes to accommodate
computer limitations. For large times (t>> time for significant heat ta
diffuse over a distance equal to particle track length) a different
approximation is valid, the spherically symmetric approximation which is
discussed later in this Chapter. The results of calculations using the present
approximation are useful in supplying a detailed fine mesh look (at the
early stages) of temperature-profile development, to make sure that the
use of the larger cell size later did not obscure any significant
phenomenon. From the temperature profile plot we can see the initial
increase, then decrease of the normal radius, i.e. the radius inside which
the temperature is greater than the critical temperature of the super-
conductor which for this instance was Sn, TC = 3,75 K. The time develop-

ment of the normal radius is plotted in Fig.(3.5).

Results: 1-Dimensional radially symmetric approximation for the

phonon-barrier SPD

The same computer program as above was used to calculate the response
of the phonon-barrier ' SPD to a-particle impact. The thermal properties
Cp, p, K for Sn were supplied in table form for discrete temperatures, and
the excess current densities for a reference Sn junction for discrete
temperatures and bias voltages were used. Q, the particle energy deposited
per unit length, in this case was the value given by E/t where E = particle
energy and t = total film thickness.

The temperature profiles as a function of time for the Sn phonon-

barrier SPD with operating bath temperature of 1.2 X are shown in
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Fig,.(3.6) and IS as a function of time in Fig.(3.7). Using the same
methods and the thermal properties of Pb, and a set of Pb reference

junction characteristics the temperature profiles vs. time, and I, vs.

S
time were calculated and plotted in Fig.(3.8), Fig.(3.9) reséectively.

A higher bath temperature of 2.4 K was used for the Pb case to get a

larger %%-value for the junction, but the resultant increase of Cp and K
resulted in the IS being much smaller than for the Sn case. Note that
though we have ignored the finite area of the junction in the calculations,

the approximations should provide a description valid for particle impacts

near the centre of the junction.

Spherically-symmetric approximation

For a glass-substrated SPD if the oa-particle energy were considered to
be deposited at a point uniformly distributed in a hemispherical volume
with its planar surface coincident with the tunnel junction, then by the
insulating surface boundary condition we have spherical symmetry in the
heat-diffusion problem. This model applies if the length of the
particle-track can be ignored compared with the size of the heat affected
zone as 1is the case for large times (or short track, due to a low energy
or heavy particle). This approximation was used to give a preliminary
indication of the response of the glass-substrated SPD to an a-particle
impact at large times. The computer program used was different from that
of the radially symmetric case only in the Laplacian, and the formula for
the 'cell' volume which were spherical shells instead of cylindrical shells,
The finite-difference expression for the new transformed temperature

was:
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T K me2Cp
fm,n+1 MeZ T Tpp [(m-1) 6m-1, n+ ( X 2m) 6m,n
+ (m+1). 6m+1l,n] (3.16)

Because of the similarity no further discussions are necessary.

Calculations of glass-substrated SPD response to a-particle impact

assuming finite-length, normal-incidence a-particle track, with a finite

sized junction.

Fig.(3.10) shows the cross section of the normal incidence a-particle
impact, with a finite particle track in the glass substrate. The heat
diffusion problem still had a rotational symmetry, but now a 2-dimensional
array of cells (each ring-shaped) was needed for the finite difference
numerical solution. This meant a different Laplacian compared to the
1-dimensional radially symmetric problem, With the new Laplacian the
transformed temperatures for the next time step were given by:

Kt _
C

6%2,m,n+1 = [(6%,m+1,n - 26%,m,n + ez,m-l,n)/ezz+ ((1+%2)

82+1,m,n -~ 20%,m,n + (1-%2) + 62-1,m,n)/e2)] + 6%,m,n

(3.17)

Where 6%2,m,n is the transformed temperature of the cell at r = 8G, z = me,
and t = nt and g, e, are the radial dimension and the z axis dimension of

the cells and the value of E%E- is that at transformed temperature of 6%,
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m,n. The cell shape and location is shown in Fig.(3.10). The initial
condition is given by calculating the depth of penetration of the a-particle
(PENZ) at normal incidence and considering the energy of the a-particle
‘uniformly deposited in the axial cells from the surface to the depth of
penetration, i.e. to z = PENZ. As before the boundary cells were kept at
bath-temperature. The size of the array of cells used was 20 x 20 or 400
cells, thus the cell dimensions had to be larger than that in the 1l-dimen-
sional cases (8: vs. 0.8u ) to prevent the boundary from affecting the
heat diffusion significantly. In addition, since the array size had become
4 times larger, and the calculating more complicated, the increase in cell
size allowed the use of a larger time step T, reducing the number of steps
to reach a specified physical time. The possible loss of significant
detail in the information about junction response-current as a function of
time through the use of a larger cell size was checked by comparison with
the 1-dimensional radially symmetric approximation. No loss of significant
detail in the junction current response was evident. However, as expected
the temperature profiles for earlier times showed a lower peak temperature
for the present case, resulting from the initial quantity of heat being
distributed in a larger volume initially. The temperature-profiles as a
function of time for different depths and the junction response current as
a function of time for an infinite junction are plotted and shown in |

Fig.(3.11) and Fig.(3.12) respectively.

Finite junction size effects

The STJ's used in this experiment were square (0.2x0.2mm2), and finite
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and particle impact with the substrate could occur anywhere inside or
outside the junction. The junction current-response to the a-particle
impact is the excess-current density due to the increased temperature
integrated over the junction area, Fig.(3.13) shows a coordinate system
for locating the impact point. Because of the 8-fold symmetry only

impacts in the shaded triangular area shown in the figure need to be
considered, the effect of impacts in the other locations being obtained by
symmetry. The surface temperatures centered about the impact point at a
given time were calculated. Thus on specifying the impact-point location
relative to the junction coordinates the temperature at all points of the
junction were known. (Cf. Fig.(3.11)). Integrating over the finite area

of the junction we got the finite junction current-response, for a-particle
impact at a specified point relati§e to the junction. Fig.(3.14) shows the
junction-current response to normal-incidence 5.13 MeV a-particle impact

at four different locations. As expected the impact at junction centre
(0,0) resulted in the maximum amplitude and duration of the response. Impact
just inside the corner of the junction at (4,4) produces almost the same
amplitude of response as the impact at (0,0) but decayed more rapidly.

This is expected since at first the temperature rise was confined to a
small area and was fully covered by the junction for either impact positions.
The difference was more pronounced as the heat diffused over a larger
volume, as the impact at (0,0) allowed the junction to cover the area of
increased temperature better. Impacts outside the junction can also

cause junction-current response because of heat diffusion, but of smaller
amplitudes because of the smaller temperature increases at the junction.

The accumulated signal-charge was also calculated for each time and impact



H

IN RANGE

.

RELATIVE #

O-b

CALCULATED PROBABILITY DENSITY OF ISIG (PEAK) FIG. 3:15

_68_

0.5

F.O

Y



4

RELATIVE +#

H

IN RANGE

0

CALCULATED PROBABILITY DENSITY OF QTOTAL

AT 0.56us FROM 1 a~-PARTICLE

IMPACT AT

EACH GRID-POINT SHOWN IN "IMPACT

POINT COORDINATLE MAP"

16

FIG. 3.

44=:"”’/

Y.

| | |

T

20 30 40
x 10-12 couLumBs

50 60

70

80

_06_



- 9] -

point. The computations were terminated at a pulse evolution time of

0.56 us as the amount of computer-time required was considerable.

(3000 sec. Cpu time) and further computations would not have given results
to justify the cost.

From the computed values of Is(t) for each impact location, IS peak,
the signal-current amplitude was picked out. From the geometry of the
impact-coordinate grid (Fig.(3.13) and the set of IS peak values, assuming
equal probability of impact at each coordinate point a current-amplitude
distribution histogram was calculated and plotted in Fig.(3.15). Similarly
from the accumulated signal-charge values (accumulated to 0.56 us) at each
impact point an accumulated signal charge amplitude distribution histogram
was calculated by summing overall impact coordinates and plotted in
Fig.(3.16). Both histograms show a sharp rise towards the low amplitude
end because of the larger area (hence probability) in which impact would
cause a lower amplitude response. A fairly sharp high energy cutoff is
expected because impacts in the junction central area gives the maximum
amplitude response. The angle-effect" discussed later would cause some
increase in response amplitude for inclined impacts over the normal-incidence
impacts, thus smearing out of the high energy cutoff. These predicted
amplitude distributions are characteristic of the "thermometer-model" of
the glass-substrated SPD, in which the STJ is regarded as a thermometer
measuring the temperature increase of the substrate due to an a-particle
impact. Whereas a semiconductor junction-detector equivalent model of the
SPD with quasiparticles regarded as direct analogs of holes and electrons
can only give a 'line' spectrum from the monoenergetic g-particle source.

As will be shown in Chapter 6, the experimental "Kicksorter" records agree
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FIG. 3.17 EFFECT OF ANGLE OF IMPACT AND JUNCTION SIZE ON Ts,
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with the thermometer model,

Magnitude of the '"Angle-Effect"

An a-particle with non-normal impacting angle causes a larger
signal-current amplitude than an impact at normal incidence because a
larger area of the surface is at a higher temperature for the inclined
impact., The limiting case is the grazing impact, i.e. the a-particle
penetrates the surface at a very shallow angle. By the method of images
we see that the heat-diffusion problem is very similar to the normal-
incidence finite length o-particle track problem described above, except
that here we regard the temperatures of a plane section through the track
as the surface temperatures. The equivalent heat dissipated per unit
track length is doubled because of the 'image' track resulting from the
insulating surface boundary condition. With these modifications to the
computer program the signal-current due to a grazing impact was calculated
for an 'infinite' sized junction and plotted in Fig.(3.17). Note the
rapid rise and fall of the signal-current compared to that of normal-
incidence, finite o-particle track length results, and the much higher

current amplitudes.

For the experimental geometry used the maximum angle of incidence
was smaller than 45°., Thus the calculated signal-current response to an
a-particle impact at this angle represents the limit of current amplitude
excursion due to angle effect for the present experimental geometry.

For impact at an angle rotational symmetry was lost, the only

symmetry left was the reflection about the plane of incidence, for the
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heat-diffusion problem. Thus a 3-dimensional rectangular array of 'cells!
had to be used'for the numerical calculations, resulting in a large

number of cells even for a very coarse and limited array, consequently

a large number of calculations per time step. The computer program for
this case is practically the same as the others,

except fof the expression for calculating the transformed temperature of

a cell for the next time step, resulting from the different Laplacian for
the 3-dimensional rectangular coordinates, and the three space-coordinate
indices for labelling the transformed-temperature of each cell, instead of
the one or two for previous programs. The calculated signal current vs.
time is also plotted in Fig. (3.17). The signal-current peak-amplitude for
45° impact angle on an 'infinite' area STJ chosen to have the reference-
junction current density characteristics was 2.5 pa, as compared to 2.09 pa
for a normal-incidence a-particle impact. Thus for the present experi-
mental geometry the 'angle-effect' can account for nearly 20% spread in
signal-current amplitude. Comparing accumulated signal-charges Qs, the
value for 45° impact was 0.864 pc. as compared to 0,913 pc. for the normal
incidence case. The smaller Qs for 45° a-particle impact resulted from a
computational deficiency; the array-size used was too small, thus with

the boundaries at a constant temperature the excessive heat loss due to
the closeness of the boundaries to the point of impact was not negligible
at larger times. In general the Qs values are larger for impacts at a
greater angle, (eg. at t = 0.32 us Qs = 0.947 pc. for the grazing incidence
case) but varies to a smaller extent because though the signal-current
amplitudes were larger for greater angles of impact, the IS(t) rise and

fall time-constants were correspondingly smaller.
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In Fig.(3.17) the current-response for an a-particle impact at normal
incidence, at the centre of a finite-junction (of the nominal expérimental
STJ size) was also plotted for comparison with the corresponding
current-response for an infinite-area junction. The current amplitudes
were 1.84 ua and 2.09 ua respectively, indicating that the infinite-area
junction model was a fair approximation for impacts at the jﬁnction centre

of a finite-sized junction.

Conclusion

The numerical results of this Chapter enabled the comparisons of
theory and experiment and thus the verification of the theoretical models

used as the basis of the calculations.



- 96 -

CHAPTER FO'JR
SUPERCONDUCTIVE-TUNNELLING JUNCTION

FABRICATION

INTRODUCTION:

My predecessor in this study; G.H. Wood, encountered great
difficulties in the fabrication of good superconductive-tunnelling junctions
(5.T.J.s). He fabricated six S.T.J.s per evaporation run and because of
poor reproducibility, all six were tested in liquid helium to check the
current-voltage characteristics, and then a good junction sélected,
separated from the other junctions and mounted on a special sample holder
for the measurement of a-particle induced current pulses at 1.2 K. In
practice the good junction if any was nearly always degraded when the
subsequent low temperg}ure rﬁn waé made due to low tolerance of the S.T.J.
to thermal cycling. With great patience G.H. Wood got one junction that
was good enough to register pulses caused by a-particles, thus proving
qualitatively the feasibility of the S.T.J. particlé detector. Only
Sn—SnOé-Sn junctions were successfully made due to process difficulties.
The fabrication process used by WOOD was described ip APPERNDIX 'A' of his
thesis, and the difficulties encountered in APPENDIX 'B' and ,C,.(ref. 4.9)
For the present thesis a great deal of work was done to derive a process
for fabricating Sn and Pb S.T.J.s reproducibly. Iﬁ the present process'36

S.T.J.s were fabricated each run (Fig. 4.1) in the form of 6 junction gTrouns

iy

[
[

o

.T.J3.=5 sharine eno

o

on a microscope zlass slide, each croup consisting o
common electrode, [the bottom laver of the metal films forming the junctions

(see Fig. 4.2 and Fig. 4.6)]. The 6 groups made per fabrication run were
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visually inspected and the best sroup sclectzd for subsequent tunneiling
experiments.. The test sample holder included a switching arrangement
which (Fig. 5.1, 2, 3, 4 Chapter 5) permitted the selection of any S.T.J.
of the group for current-voltage characteristicbmeasurements as well as
a—particle’induced current pulse measurement while the group 1is inside

the cryostat. This feaﬁure greatly improved the probability of having

a good junétion for measurements, which was particularly significant in the
ezrlier stages of development of the fabrication process, when-the
percentage yield of good junctions was low. In Chapter 5 details will be
given on how the room temperature and liquid nitrogen temperature junction
Tesistance measurements were used to determine the quality of the S.T.J.s.
If the junctions were 'bad!’ (leaking) the liquiQ‘helium stages of

measurements were omitted, saving time and expense.

S.T.Jf SAMPLE FABRICATION

The process’ steps of junction fabrication are standard: thin film
depositions by evaporations from metal and insulator sources, and plasma
cleaning and anodization(TEf' 4.1, 2, 3, 4). However details-of the
complete process of junction fabrication are not available from any
one publication. The author feels that the experieﬁce gainéd may berof
some value to others contemplating junction-fabrication. The remainder of
this chapter may be omitted if junction-fabrication is of no interest to

the reader.

Substrate Cleaning  This step was very critical to the successful

febrication of good S.T.J.s. The substrate, & CORNING 2947 "PROCESS CLEAY™

2.5 cm x 7.5 cm microscope glass slide was scrucbed thoroughly using a
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stle brush with a dishwasher detergent and rinsed an _scrubbed under

i

br
running tep water. fter this preliminary scrub all the following steps
were done in the dust ffeeAairflow of a clean-air hood. The substrate was
cleaned ultrasonically in deionized water, then blqwn dry by clean bottled
nitrogen and placed ih the substrate holder. The substrate holder was then
transferred to the vécuum-evaporator chamber (Fig. 4.3, 4.4, 4.5) in the
clean-air flow, with the substrate surface facing down (to avoid dust |
particles if any settling on the surface). The vacuum-chamher @as then

" closed, and pumped down with the roughing pump. A controlled leak of

cxygen was then introduced to give 50 millitorr pressure, and a glow-
discharge initiated, an okygen plasma with discharge current of 50 ma, with
the glow-diécharge shutter closed. The glow-discharge shutter was opened
five minutes later after any coating oﬁ the 'halo' electrode due to previous
evaporations had been eliminated, this prevented any contaminating fragments
from reaching the substrate surface. The substrate was placed -on each of
the four evaporation masks successively, for five minutes, in the oxygen
plasma. The plasma treatment was intended to remove organic contaminants

if any from the substrate and the vacuum-chamber. Then an argon glow-
discharge,>[pressufe = 50 millitorr, discharge current - 50 ma, substrate
holder (and mask carrier) biased-50 V (relative to vacuum chamber ground) ]
was used to ion-clean (ionic bombardnment sputter clean) the substrate
surface through each of the four masks used, five minutes at each location.
That the plasma cleaning was effective, could be seen by subsequent
examination of the water vapour ccniensation pattern on the substrate, the
ion-cleaned area showed up as areas without condensation; this was due to

Fad

“re lack of oni-c’

[N

condeznsation nuclel ip *he
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Evaporeztion masx fabrication and positioning The four evaporation masks

used were drawn with india ink, then photographed and reduced to size. Two
actual sized negatiVes were aligned and taped on the edges to form a sleeve,
which was slipped over a photo-resist coated 1-mil berylium bronze sheet.

- The photo-resist was exposed and developed, and the berylium bronze sheet
etched in ammonium persulphate solution as in conventional printed circuit
board etching. The finished mask was mounted on the mask-carrier slide with
round-head screws (Fig. 4.4). The substrate holder had locatiﬁg conical

| holes in positions corresponding to the four round-head screws heclding each
mask in position, this resulted in 'sphere and cone' alignment. The
substrate holder suspended by two hooks may be raised‘from‘and 1oweréd’onto
the mask holder through a rotary mechaﬁical feed-through from outside the
vacuum chamber. The mask-carrier slié in é dove-tailed slide-way,
(insulated from the slide way by teflon inserts in the slide way). The
mask-carrier was positioned from outside the vacuum chamber via a rotary-
mechanical feed-through, coupled to a rack and pinion gearing system. The
rack was mounted on the mask carrier edge and driven by the pinion. Im
operation the substrate holder was raised, and the mask carrier positioned,
then'the substrate holder was lowered gently onto the mask Carfier, Due

to the self-alignment feature, the alignment accuracy was better than 50
microns. Better results could have been achieved with more care, but this

accuracy was good enough for the set of masks used.

Deposition of junction films by evaporation  Four masks were used for

Mask #1 defined the contact-pad areas,
- - O -
¢ads were attached to finished S.T.J.s. 2000 As of retal film was

the evaporations (Fig. 4.4, 4.6).

Yok

where

deposited in this area. Mask #2 defined the "longitudinal-strips" or the



.
1§
!

0
cese illms of the S.T.J.s. 2000 A of metol was depositec

d
Mask #3 defined the "edge-guard" arecas where éb cut 1000 2
deposited. This layer served to dgfine one dimension of the junction region
and also served to eliminate an area at the edge of the longitudinal strip
where there is a high probability of leakage due to stress induced cracking
of the oxide-barrier at the edges of the film. Mask #4 defined the 'cross-
strips' or the top films of the S.T.J.s 2000 X of metal was deposited in
this area. | '

Refering to Fig. 4.5, two evaporation sources were uséd, one for the
metal (Sn or Pb) and the other for the MGFZ The best source for
evaporating the metal was the Tantalum S-18 10 mil boat pin-hole source,
which gave the best reéults when operated carefully. ~Outgassing was done
at slowly increasing temperatures whiie monitoring the vacuum ion-gauge
for excess pressure rise, and an evaporation rate of < 300 X per minute
was used, to prevent explosive béiling during evaporation from causing
undesirable splatter on the aeposited film. Source boat corrosion with
Sn as evaporant was severe and necessitated frequent source changes. A
plasma-sprayed oxide coated source was tried withouf success due to the
excessive power required for this source and consequent excessive radiativé
" heating of the substrate. For the MgF source an inhouse fabricated
'hdlydeﬁum'source was &ouﬁd to be most suitable. The outgassing problems
with a fresh charge of MOFZ in the source was many times worse than for the
metal source, and took a few hours to complete, but due to the large
capacity of the source and the small amounts of evaporant used per
fabrication-run, this was not much of é problem. The two sources were

- - - 2 e P [ 2y,
senareted by z hest chield/vapour scrarzior, te prevent vopour Iran one

source heating the other. The heat shield alsc defined the aperture of the

&


file:///rrour

Sveporant vapours, cutting dowin the radiation heating of the sudstrate by
the source during evaporation, and the depositicn of material in areas

other than the substrate m;sk in the vacuum chamber. An evaporation-
shutter operated through a mechanical feed through was used to control the
duration of the evaporation and to allow source outgassing before deposition.
A quartz-crystal oscillator deposit thickness monitor was used to monitor
the evaporation process, details were given in WOOD's thesis pages 185-

187, and will not be repeated here.

Plasma cleaning and anodization The oxygen plasma anodization method

first proposed by MILES and SMITH(ref' 4-1) was chosen to be the process

used to form the oxide-barrier for the S.T.J.s because close control possible
for this process, essential for reproducibility. With plasma anodization,
cleaning, mask change under vacuum, and the two evaporant sources, it was
possible to start with a clean substrate and end up with completed S.T.J.s
without opening the vacuum-chamber to ‘the atmosphere, thus éliminating the
Possibility of contamination during the fabrication process. The actual
experimental apparatus for plasma-anodization and cleaning was designed

(ref. 4.1)

after reading MILES and SMITH , TIBOL and HuLL(Tef- 4-2)

(ref. 4.3)

SCHROEN and DELL'OCA, PULFREY and YOUNG(ref"4’4). The plasma for
oxidation and ion cleéning was generated by the D.C. discharge between z
ring shaped aluminium 'halo} cathode surrounding conductors at ground
potential. A high voltage iqn-pump power supply with overcurrent cutout
pProtection provided the high voltage for the D.C. discharge, (a variac at
the A.C. inpﬁt té the power supply éﬁntrolled the D.é. output yoltage).. The
sugStrate-holder and ;he mask-carrier were insulated from ground and could

ed at different voltages. For ion cleaning the bias was usually

T Ry oo
TG DlLs



50 velts, whereas for an odization the potential was allowed to "float?',

-1e measured voltage while "floating' was about - 4 volts.

TYPICAL S.T.J. FABRICATION RUN

A typical S.T.J. fabricafion Tun went as follows:- The glass-slide
substrate was cleaned and Placed in the vacuunm chambef; then plasma
cleaned as described in the ""substrate cleéning' section above. The vacuum
chamber was pumped down with the oil-diffusion pump to about 2 Q 10"6 Torr,
then the metal. source was outgased until the vacuum chamber Pressure fell
to 3 x lO~6 Torr. 2000 A of metal (Sn or Pb) was deposited through mask
#1 for the contact-pads at approximately 300 X per minute. The source was
then turned off and the substrate allbwed to cool for 10 minutes, this
cooling period was found to be necessary to produce a smooth film for the
next evaporation. 2000 A of metal was dep051ted next with mask #2 for the
longitudinal Strip.' Next, ~ 1000 A of MgF2 was deposited through mask #3
to produce the ""edge-guard", the vacuum pressure for this evaporation was
a relatively high 10_S Torr. The diffusion pump was then turned off and
valved off, and Argon gas was 1ntroduced through a controlled leak (through
a liquid nlg*ogen cold trap to remove moisture) to raise the vacuum chamber
p*essure to 50 mlllltorr whlle belng pumped’ by the roughlno pump. Th=
vlow-dlscﬁarge was turned on w1th Lhe substr“te holder (and the mask carrler)
biased at -50 volts, and maintained for five minutes. This step ion-cleaned
the base film of the S.T.J.s to Temove any condensed film (due to vapour

leakaye of MgFé evaporation) on the portion of the base - film where the

3]
(&9

oxide-barrier was to be formed. The Argon gas was valved off and substitut
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Tespectively. The substrate was allowed to stay in the oxygen for 25
minutes, then with the substrate-holder filoating electrically the glow-
discharge (w1th discharge current of 50 ma) was maintained for 40 sec. and
15 sec. respectively for Sn and Pb. This step formed the ox1de-barrier for
the SfT.J.s. The gas was then valved off and the vacuum chamber pumped
down to a pressure < 10—6>T6rr and 2000 X of metal deposited on the
substrate through mask #4. This formed the 'cross-strip' or the top film

of the S.T.J.s. This Step completed the fabrication of the S.f.J.s

VISUAL INSPECTION

It was possible to predict the quality of the junctions based on
microscopic examination of the S;T.J.s. In gene;al if the base and top
films were smooth and few splatters wére visible, and the edge guard was
present, and the oxide-barrier was present, the S.T.J.s were géod. The
presence of an oxide-barrier could be determined v1sua11y. Through the
oxide was only about 10 A thick and much too thin to see, the Sn or Pp
vapour that strayed to either side of the cross-strip (top film) as
defined by mask #4, tended to form a brownish stain, which did not occur if
the barrier layer was absent (see Fig. 4.6).' This effeét Qas probably due
to the amorphous or mlcrocrystalllne form of the Sn or Pb vapour condensed
on the oxlde barrler as ;oﬁpéred to vhe ep1tax1al dep051t10n of the vapours
on the bare Sn or Pb films. (I have called this effect ""barrier shadow! in
my laboratory notes). Generally all 36 S.T.J.s on the entire substrate were
similer in quality. Sometimes, in the presence of splatter (of Sn or Pb)

unctions could be visually determined to be better because of the
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€¢ CT splztter in the junciion area.
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Sample passivation  Rosin was dissolved in ethyl alchohol znd a drop of the

solution was washed over each sample region on the slide leaving 2 ~ 1000 A
residué layer of rosin. The rosin layer appeared to be effective in
'passivating' the samples, that is, to protect the sample from atmospheric
originatea corrosion. Without this 'passivation' Ph samples degrade
rapidly in room ambient, as desgribed by WOOD in his thesis'pages 201 to

209, forming clusters of 'blisters' on the Pb £film.

Group Separation The glass-slide with six groups was divided into six

pieces, one group per piecé, by breaking the glass substrate. First, the
slide was scribed to isolate electrically the areas to be cbntacted by the
'hot-wire' used for breaking the glass. Then the groups were separated
using an electrically heated nichrome. 'hot-wire' contacting the region

where the break was desired (Fig. 4.7). Even contact of the wire with the
giass and correct tensioning was essential for success in this method of
glass.breaking. The tension in the wire was provided by a lead weight. This
method of group separation prevented physical contact with the S.T.J.s,

which could easily be damaged.

Lead attachment The selected group was provided with electrical leads by

soldering 1 mil gold wires to the contact- ~-pad reglons w1th,1nd1um solder.
The PIETIOLSTj applled Tosin- solutlon in alchohol was 2 good flux, SO no
problems were encountered from Toom temperature to 1.2 K with leads attached

in this manner.

Sample stability  The S.T.J.s, though stable if kept at or below liquid

N
2

A mm

9

~ G Pt an Jh SRR S | e
nitrogen temnperatures for indefinite perieds. decraded T tempeorature

<

rapldly, and were usually unusable in 29 hours. The degradation mechanism



invelved was probably recrystallization, which can occur at Toom
temperature for tin and lead. A spectucular example of this recrystzall-
ization was the growth of -tin or lead whiskers from contaminated films
and which were observed to grow up to 1 mm in length in a few hours. This
effect is also observed elsewhere (ref. 4.5). The same process
could cause leaks across the 10 X barrier rendering the S.T.J. useless for
'6ur purposes. Thermal stresses Tesulting from thermal cycling could cause

junction failures, but in fact, junctions had been repeatedly cyclad

between 77 K and 1.2 K without visible degradation.

VARIATIONS OF SAMPLE FABRICATION PROCEDURES

Vapour deposition of polyethylene (ref. 4.7) Polyethylene was evaporated

in place of the Mng to form a more flexible edge-guard layer. The
deposited polyethylene was cross-linked by the Argon glow-discharge. The
procedure was successful but the use of evaporated polyethylene resulted
in vacuum chamber contamination, which caused 'whisker' growth problems in
the metal films. The conclusion was that the polyethylene evaporation
procedure could be useful, butAmust be carried out in 2 separate vacuun

chamber.

" PHotoresist covered substrate The photoresist layer produced a phonon barrier

| between the substrate and the S.T.J. films. Thisilayer must be thin to
prevent thermal stresses occurring due to the different coefficients of
thernal expansion of the polymer and the metal films. Ideally the
photoresist film should be on top of = lead or tin foil stuck on <he class

T b 3 e -y e s e 3 = RogiuNpy =+ oa
substrate. This would remove any thermal streszses resulting from the
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difference in thermal-expansion of the glass substrate and the metal film.
This work was not carried out because the problem did not appear in this
area, there was no thermal-cycling problems between 77 K and 1.2 K, but

must be done if Toom-temperature stable junctions can be produced.

v _ o
ALZO3 barrier  To guarantee a strong barrier layer, < 100 A of Al was

evaporated on top of the base-film, followed by the usual anodization,‘and
evaporation procedures. This resulted in a S.T.J. with a Pb.AL,ALZOS.Pb'
structure. The AL203 layer was much stronger than a comparable_PbOx layer.
The AL layer had little effect on the superconductive characteristics of
the junction due to the 'proximity! effect(ref' 4'8). The problem in this
procedure was in fhe change of evaporant source, that necessitated opening
of the vacuum chamber to atmosphere which resulted in the formation of a
thick barrier oxide (and contamination of the vacuum chamber). The
resulting junctions had normal resistances too high to be of use in this

study. If an evaporant-source changer was available this procedure of

producing S.T.J.s should be feasible.
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CHAPTER FIVE

EXPERIMENTAL METHODS AND RESULTS

CRYOGENICS

The cryogenic apparatus was the same as that used by G.H. WOOD,
my predecessor in this study. Referring to Fig. 5.1A, it consisted of a
liquid-helium dewar, contained in a liquid nitrogen dewar. The liquid
helium dewar was sealed by a dewar-cap to allow pumping as a means of
lowering the liquid helium temperature. The sample holder assembly
entered the liquid helium dewar through a collar with an ‘o ring seal,
to allow the adjustment of the sample holder height above the liquid
helium as the liquid helium level fell. The 'push-rod' used for junction
selection and a-particle source shuttering also went through an 'o' ring
seal to allow movement relative to the sample holder. The helium-dewar
""vacuum' jacket was connected to a rotary pump, gauges and bottled N2
gas through a valve, so that the dewar jacket could be pumped out
occasionally to eliminate the helium that diffused into the space, and
back-filled with 1 to 2 torrs of nitrogen gas. The function of the
nitrogen gas was to enable effective cooling of the liquid helium dewar by
the surrounding liquid nitrogen. On adding liquid helium to the liquid
helium dewar the N2 gas in the jacket was "frozen-out" leaving a good
vacuum insulating the liquid helium. The Helmhotz-coils provided the
adjustable magnetic field used to suppress the Joselphson super-current.
All the electrical leads to the sample and low-temperature preamplifier went

through the octal feed-through on the sample~holder. The temperature of
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KEY TO FIGURE 5-1A" o : -

lMarsh Dial Gauge, Type 100 - 0-760 Torr

Edwards Dial Gauge, Type C. G 3 0-20 Torr

Edwards Vacustat Model 2E, 0—1 Torr, Lowest Reading Sensitiv1ty = 0.001 Torr

Marsh Dial Gauge, (no type No.) ..0-760 Torr )

Ashcroft Dial Gauge, Type 1850 1 0-760 Torr (vac), 0-380 Torr-(preés. gauge)
Sample mount. ' ' oo ' A

Electr1ca1 lead feedthroughs.

Sample mount support and control tubes.

Dewar cap.,

Pyrex Tee (3 x 3 x 2 in.).

Helium Dewar Interspace pumpout port. . )

Helium Dewar, glass, 76 mm 1. d., 90 mm o. d.,.approx. 48 in. 1ong.

Nitrogen Dewar, glass, 116 mm i.d., 150 mm o.d., approx. 38 in. long{
Liquid Nitrogen. | o o '
Liquid Helium.

Sample.

Helmholtz coils.

He return line. _

Welch Rotary Pump, Model 1402B, 5 cfm;

Stokes Pump, Model 49-10, 80 cfm.

Welch Rotary Pump, roughlng purposes, Model 1405.
Mercury manostat (0-100 Torr).

Bottled dry N, gas; flushing purposes.

2
Transfer siphon port.
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the liquid helium was monitored by the vapour-pressure of the. liquid
helium using the well known temperature-pressure relationship of helium

gas in equilibrium with liquid helium (ref. 5'1).

JUNCTION SELECTION

A reproducible process ‘for junction fabrication was described in
Chapter 4 of this thesis. The selection-sfep could be dispensed wifh;
but to obtain the best junctions for tests as STJ particle detectors, each
sample contained a group of six Junctlons (in a small area) and the sample
was mountéd on a sample-holder with a two—pole,'six position slide switch.
The switch allowed the selection of eéch of the junctions in turn to be
connected for electricél measurehents while at liquid helium temperatures.
Thus the junctions under test had to be cooled td 1iquid helium temperature
only once, this was important because the superconductive tunnelling iunctions
were found to degrade on thermal cycling from liquid helium temperature to
round temperature and back. My predecessor in this investigation
‘G H. WOOD had difficulty in obtalnlng a reproduc1b1e process for fabricating
S.T.J.s, and so he first tested the six junctions fabricated per run, at
liquid helium temperatures and selected a junction showing the best D.C.
characteristics, hsing a D;C. test sample hblder. Following the selection,
he warmed the samplés to room temperature, mounted the selected junction in
an A.C. 'sample mount' (at room temperature) and tested the junction ét
liquid helium temperatures again, for seﬁsitivity.to a-particle
bémbardment. The junctions were cycled to liquid helium temperatures twice
-and the junction characteristics were always degraded (current ieaks

developed) réndering the S.T.J.s unsuitable for particle detection.



FIG. 5.1 SAMPLE HOLDER WITH SAMPLE MOUNTED, o-PART-
ICLE SOURCE & LOW TEMP. PREAMPLIFIER FIG. 5.2 SLIDE-SWITCH DETAILS ON SAMPLE-HOLDER

,

o . " *: Aft"’x 'KGA')L_ 8

T s e i

s

FIG. 5.3 SAMPLE MOUNTED ON SAMPLE HOLDER, WITH FIG. 5.4 SAMPLE MOUNTED ON SAMPLE-HOLDER, a-PARTICLE
a-PARTICLE SOURCE FACING JUNCTIONS SOURCE TURNED AWAY FROM SAMPLE
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Referring to Fig. 5.3;'5.4,»the sample consisted of‘six junctions
'shariﬁg one electrode, the base film (longitudinal stripe). The.twq ends.
of this film were connected to the I and V© terminals respectively, i.e.
the bias cufrent negative ferminalland the voltage sense négative terminal
respectively. The ends of the top filﬁs of the juthions (cross-stripes)
were connected to the switch pole pairs, which when selected were connectéd
“to the I+ and V+ termiﬁals. Fig. 5.2 shows the details of the slide-switch.
Fig. 5.1 shows the sample-holder with a sample mounted, the ;slide' of the
slide-switch connected to a push-rod, and the Pu239 5.13 MeV a-particle
source is thus positioned directly over the juhction selectéd by the
switch. The a-particle source was 'shuttered' by the rotation of the push-
. rod, causing tﬁe source or the shield to face the junction as shown in

Figs. 5.3, 5.4, respectively.

JUNCTION D.C. CHARACTERISTICS MEASUREMENT

The four-terminal I, V meaéurement method was uéed as_the large and’
unknown magnitude of the voltage-drops along the junction-films leading
to thé junction and connecting wires relative to the voltagé drops across
thé junctions made iwo—terminal measurements meaningless. Referring to
Fig. 5.5, a four-point I, V measurement was essentially as follows:
current I flowed through the I terminal, through R

Sl{ RJ, and Rsz,vand

out I terminal causing a voltage drop of IRJ across RJ the junétion
resistance; this voltage was sensed by the V.T.V.M. (vacuum Tube Voltmeter)
through the V+ and V' terminals. Thus I and V were measured accurately.

The 1K@ resistor on the I+ line and the 1IMQ resistors on the V+, v

lines served to isolate the junction from A.C. interference pickup. The
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KEITHLEY
MODEL 600 A
: -AMMETER
. K a  0-50K -
4 S : 45V
eIt N . —=50pf .
' ‘ l _' I ) . ’
; 5 _- , | - HH
I T es
: V*i f U | R .. L L p P
v M — 7.5K ' "
! et AAY ' H.P. ASSOC. —Jv\/v—-[? MOSLEY
M MODEL 4254 _Tﬂf S
—AAA V.T.V. M. — X-Y RECORDER
| -'X" INPUT . '

HE CRYOSTAT | ROOM

FIG. 5.5 JUNCTION D.C. CHARACTERISTICS MEASUREMENT CIRCUIT USING 4
. POINT METHOD :

FIG. 5.6 CURRENT STREAM-LINES AND VOLTAGE EQUIPOTENTIALS FOR A JUNCTION
‘WITHOUT OXIDE-BARRIER, GIVING RISE TO 'NEGATIVE-RESISTANCE'
~ IN D.C. 4-POINT MEASUREMENTS
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a-particle induéed pulses were measured across the I and I~ terﬁinals.
.The D.C. junction characteristics were plotted using an X-Y
recorder, as shown in Fig. 5.5._ D.C. measurements‘wére made at room
temperature aﬁd 77 K to determine the normal tunnel-conductances at these
temperatures. it was observed that if the resistance at R.T. (room
temperature) was negative, the junction was heavilyvshorted, or the
barrier-oxide was exceedingly thin or absent. Fig. 5.6 showé the expected.
‘current-streamlinés and voltage equipotential for overlapping4meta1 films
without a barrier, {by analogy with two-dimensionél - fluid-flow). It is
cleaf that the -V terminal in such a case is more positive than the vt
terminal,_causing an apparent negative-resistance reading. Note that the
magnitude of this effect is directly proportion to the metal-film sheet
resistivity. GIAVER has observed this effect,'see page 27, 28 of ref.i
(5.9). Another interesting observation was that for good junctions the 3
junction resistances increased with decreasing temperature, this was
probably due to thé decrease of carrier-density of the (barrier)
semiconducting oxides (SnO2 or PbOz) with temperature. The rafio of the
resistances at 77 K and R.T;Aare,of‘the order 1.6 for junction normal
resistances of greater than 1 ohm. For smaller junction-resistances,
the mechanism described above causing thé 'negative—resistancé'~readings
is more dominant and because of the larger metal—film resistivity at room
temperature than at 77 K acts to decrease the R.T. reading more than the
77 K reading, thus causing a larger ratio. For Sn junctions which.were not
superconducting at 4.2 K a further junction normal conductance reading
could be made, and the junction resistances showed a further increase of

the order of 1.1 + 1.2 over the 77 K value. A 'bad' or leaky junction
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o | | 2 | 3
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FIG. 5.7 D.C. JUNCTION CHARACTERISTICS OF R123S6J2 (Pb) AT 4.2K.
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‘showed a decrease in junction resistancés with decrease~of temperature
as'expecfed;since the metallic bridges causing the shorts decrease.in
resistance with temperature decrease. Based on the above observations
measuremenfs on a sam?le were stoﬁped at R.T. or at 77°K if the readings
indicatéd a poor sample, thus_saving a lot of experimental time and expense.
At 4.2 K (liquid helium at atmospheric pressufe) lead is a super-
~conductor, thus the Pb junctions showed superconductive-tunnelling
characteristics. The voltage current'characteristics were plotted for
o eéch_of tﬁe six junétions on the sample, and the 'best' junctions (no leaks,
high junction-conductance) noted at this sfage. Further D.C. measurements
at lower temperatures and a-particle induced signal pulse measurements
concentrated on these jﬁnctions. Fig. 5.7 showskthe D.C. I, V characteris-
tics of the Pb junction R123S6J2 at ';1.2 K with bias-magnetic field of 10
gauss. The characteristic was plotted at thrée different current .scales -
to show details of the curve. As the bias-voltage was increased the
current at first increased rapidly until a plateau was reached. This
secpion ofvthe characteristic represented the increasing tunnelling
probability of the thermally generated qﬁasiparticles, until the limit
imposed'by the Q‘PT density and the junction tunnelling conductance was
reached. As the bias-voltage neared the 2A/e value Q.P.'s were created
by the breakups of cooper pairs and the current roée rapidly but bouhded»by
the normal tunnelling characteristic, which represent the limiting case
where all the charge carriers are quasiparticles (unpaired electrpns)
(ref. 5'2). The junctiQn R12356J2 had a RN 21459, two orders of

magnitude higher than the junctions used for particle detection. This

"junction was chosen in order to show the complete tunnelling characteristic,
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since the junctions with low RN showed a 'foldback' effect which made . plotting
the true I. V. characteristic impossible.

With the biasing magnetic field 'off" Josephsqh super-current was
observed. This current was easily distinguished from shorts, by its
sensitivity to magnetic fields. When the junction current exceeded
the maximum:super—current limit (for the operating ﬁemperature and . ambient
magnetic field) or when the biasing magne;ic field was increased (which cause
a decrease of supér—current maximum value) the junction switched abruptly to
the ‘quasiparticle funnelling mode. A general decrease of super-current
maximum with increase of biasing field was observed but the theoretical
] éin~'x/k | type of depehdence could not be resolved due to the noisy
electromagnetic environment. -

%

At 4.2’K Sn is a normal-éonducfor, (Tc of Sn is 3.75 K) thus only éhe
normal-tunnelling characteristics was measured at this tempefature. The\
Helium cryostat was then pumped down to 1.2 K where the superconductivé
"tunnelling junction I. V. characferistics were measured. A representative
set of I.V. characteristics for a Sn junction is shown in Fig. 5.8. Other
than a slight 'bump' in the characteristic at A/e, which is a frequently
observed feature for Sn junctions the curves are similar to that of Pb
junctions traced at the same BA value, i;e. ét n'2.3 K. The 'bump' is

~ theorized as due to two particle tunnelling by Adkins(ref; >:2)

(ref. 5.3)

Schrieffer

and Wilkins Fig. 5.9 shows the variation of the I. V.

characteristics with temperature of the Sn junction R67S1J3. Note the

increase of junction current and decrease of R with increasing

dyn

temperature at the bias point of 0.3 mv in agreement with theory.
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JUNCTION-DEGRADATION

"~ Sn ;nd'Pb junctions fabricated in this lab (With SnO2 and PbO2 oxide
barriers) deteriorate at room temperature. Most junctions with barriers
thin enough for their use as particle-detectors develop lééks of large
enough conductances in 24 hours at roombtemperature to ruin their usefulness
as:superconductivé partiéle detectors. Thermal-cycling to room temperature
and back to liquid helium temperatures caused irreversible degradation_pf
characteristics. Eor example, in samplé R67S1, jﬁnctions 1 to 5 showed
super-shorts (supe;conductiQe short circuits) and the dynamic resistance

of junction 6 decreased from 5.4Q to 0.7Q after thermél cycling. The
degradation due to cycling may simply be due.to the actual time spent at
;pom temperature rather than:the thermal cycling. Thermal cycling between
1.?.K and 77 K caused only minor changes in the junction characteristics, and
junctions have been kept for weeks at 77 K without degradation.

The mechanism for degradation at room temperature appéar to be
diffusion and recrystallization of the Sn and Pb films. One dramatic
phenomenon confirming this is the rapid growth of Sn and Pb whiskers on the
junction films at room temperature, whiskers grew to millimeter lengths in

a few hours, when the evaporations of the films were carried out in a

contaminated vacuum chamber. This phenomenon had been observed by others
(ref. 5.4)

'S' TYPE NEGATIVE-RESISTANCE (foldback)

With junctions of high tunnelling conductances suitable for SPD
applications the D.C. current at the "current-step" (i.e. at the rapid-

current rise near 2A/e) caused sufficient heat dissipation to increase the
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JUNCTION CHAR.
<— WITHOUT

THERMAL EFFECT

(A)
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(B)

FIG. 5.10  'S' TYPE NEGATIVE RESISTANCE IN JUNCTION I.V. CHARACTERISTICS

OF THERMAL ORIGIN.

N e e e e A e O

st BN o O A P

FIG. 5.12

HORI.
VERT.
ORTEC
INTEGRATOR
DIEE.
COARSE GAIN 'x 3!
FINE GAIN 'x 1'
ORTEC VOLT. GAIN
R.T. PREAMP. V.G. =
JUNCTION BIAS V.
MAGNETIC BIAS =
TEMP. = 1.29K

0.2us/cm
50 mV/cm

OUT
OUT

152
5542
0.3 mV

5

13.5 Gauss

a-INDUCED PULSES IN Sn JUNCTION R67S1J3.
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> INEAR
- AMP.

:FIG.'5.11 ,AMPLIFIER CIRCUITRY FOR a-PARTICLE INDUCED PULSE OBSERVATIONS -

_ DISC. :
TIME SHUTTER SETTING | - COUNT COMMENTS

7:57 > 8:02 - Open 0.088 .. 1619 -} Usual Transients
{8:03 > 8:08 - Closed S 45 "

8:09 + 8:14 Closed o 91 |1 burst 60 pulses

8:15 - 8:20 Open " 1980 - 1 burst’
18:34.5 > 8:39.5 | oOpen " 1705 |} Quiet

8:43.5 > 8:48.5 |Closed " 25 o

8:49.5 » 8:54.5 |Closed " 11 "

8:59 -+ 9:04 Open " 1652 "

TABLE 5.1 DISCRIMINATOR COUNTER READINGS ON a- INDUCED PULSES FROM

R67S1J3.



- 125 -

junction temperature and decrease~the superconductor energy gap. This
effect is observed to be more pronoiinced for Pb junctions, probably
becausé'of;the larger energy gap. Thus with a junction curreﬁt of 0.5 ma
and 2A = 2.54 ma,' the dissipation is 1.27 pW which is sufficient to
produce a local temperature 'increase and lower the energy gap because of
the low heat-conductivity of the glass at the operating temperatures,

Fig. 5.10A shows this effect. In junctions of larger tunnel conductance
the 'foldback' was observed to occur before the 'current step'. In this
case an increase of current through the junction increases dissipation,
causing the junction to heat uﬁ, thus the Volfage is deterﬁined by the

I. V. characteristic of the increased'temperature, which results in a
lower Voltage,'i.e.,.a curf?nt controlled or 'S' type negative resistance,
cf.- Fig. 5.10B. Further the effect was more pronounced when the junction-:

A
was above the liquid-helium level than when the same junction was immersed,

confirming the probable thermal origin of the negative resistance effect.

PULSE MEASUREMENTS WITH ROOM TEMPERATURE PREAMPLIFIER

When D.C. measurements were coﬁpleted and a 'good' junctiPn selected,
the amplifier-system shown in Fig. 5.11 was used to observe thé a-particle
induced pulse-signals from the junction. The amplifier system was
calibrated using a "dummy-junction'" consisting of a resistor and capacitor
in parallel, having values 1008 and.ZOOOPF respectively (i.e. the expected
maximum-dynamic resistance; and capacitance of a repfesentative junction) -
and injecting into it square-wave pulses or simulated junction signal
current wavefdrms. The preémplifier voltage gain was found to be 35.2

(linear). The equivalent input noise was approximately 3 microvolts R.M.S.
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The Johnson noise from the dummy input accountéd for 1 uVv and‘the

amplifier and pickup of interference 2 uV. This is much\better than the-
vmanufacturer'S'specification of 9-pV, probably because of the low supply
voltage of + 3 volts used, instead of the allowed maximum of * 8 volts.

~ The ORTEC.linear amplifier had a measured voitage gain of 152 at X3 éoarse
gain and X1 fine gain settiﬁgs, the equivalent input noise was gpproximately
3 uV R.M.S., negligible compared to the preamp contribution.

Sn junctions R67S1 J1 ; J6 were found to have desirable characteristics
for operation as STJ - particle detectors from the D.C. characteristics
measurements. In particular junction #3 (J3) was the best junction, having
a low RN = 0.229 (normal tunnélling resistance) and the best Rdyn/RN
ra#io, indicating little leakage, and a Rdyn = 20.0Q . Pulse-amplified
measurements confirmed that J3 gave the best signal-amplitude (Fig. 5.12).
This junction was used for further measurements.

That the signal-pulses were in fact induced by a-parficle bombardment
was proved by 'shuttering' the d-particle source, Or by'stépping the
a-particles by immersing the junction in liquid helium. A series of
couht—readings ﬁsing the discriminator—cqunter is shown in table (5.1).

The counting was done with the pulses ﬁonitored on the C.R.0., and any
unusual interference Was noted. From the readings in table 5.1, it is
clear'that‘a—particle induced pulses are definitely observed, and electrical
interference is minimal, as 1ow.as 2 C.P.M. in quiet periods and at most

18 C.P.M. in noisy periods, (these may be compared to G.H. WOOD's count rateg
of 1.3+ 1.8 x 104 C.P.M. without noise burst grating). The interference

was mostly common-mode, thus by using the Fairchild uA733 differential

amplifier as a preamplifier, with the high common mode rejection ratio of
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70db interference wés.drastically reduced. .

PULSE4AMPLITUDE.DEPENDENCE‘ON'BIAS4VOLTAGE

!

The pulse-amplitude which is dependent upon (%%3 was found to

| V'Rdyn
vary with the voltage at the operating-point, (the point at which the
bias- resistor load-line intersects the I. V. characteristic of the

junction at the operating temperature). The largest maximum-amplitude

pulses were observed at 0.3 volt bias, corresponding to the point of

|

maximum Rdyn' Eig; (5.13j shows the pu;se—amplitude makimﬁm Vs. bias
voltage for thé Sn . junction R67S1J3. From the calculations in Chapter 2
(%%ﬂv is expected to be nearly independent of bias¥vdltage for BA of >5.4
(Sn at 1.2 Kj and bias-voltage >'0.5 Ale (n0.3mV) (C.Ff Eqn. (2.6), thus

. _ oI . - .
the observed decrease of Rdyn —-(BV)T with increase of ?1as—voltage

beyond 0.3mV results in a decrease of (g%QV.Rdyn. With decrease of

3L o

bias-voltage below 0.3mV, both ( a7V Rdyn

oI
ETDV and Rdyn decreases, thus (

.also decreases.

A ' ’ ' s

PULSE-AMPLITUDE DEPENDENCE ON TEMPERATURE; Sn_JUNCTIONS

From Fig. (2.6) Chapter 2 the voltage-response sensitivity (g¥51 Vs

BA curve for a frequency of 1 MHz frequency peaks at BA=5.8. Assuming
this is representative of the response to the a-particle induced thermal-
pulse, an increase of operating temperature of the Sn junction above

1.28 K (BA = 5.8) should result in a decrease of.(g%b Further, with

1
increased operating temperature the specific-heat of the glass-substrate
increases, resulting in a smaller rise in temperature for the same heat-

pulse, contributing to the decrease of output pulse amplitude with increased
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temperature. This is in fact observed, the variation of pulse amplitude

with temperature is shown in Fig. -(5.14).

d—PARTICLEfINDUCED'PULSE—SIGNALS AND NOISE

The observed pulse sigﬁals as shown in Fig. (5.12) vary bétween 130‘
to 160 mV, the lower limit being a C.R.0. trigger threshold. The dénsity
of traces by visual inspection appear to be uniform to 160 mv. The pulse-
amplitudes correqunded to signal-voltage amplitudes of 24.3 to 29.9 mV
at the‘breamp inpué,.and as the Rdyn for the junction Qas 20Q , this
corresponded to signal-current amplitudes of 1.2 to 1.5 pa, disregarding
the junction capacitance‘(the effect of which is to increase the rise-time,
decrease the peak voltage, and increase the fall time). The 'noise' voltage
visible on the C.R.0. trace appeared to be approximately 60 mv peak to peak,
corresponding to approximately 3.3 uV Rms at the input to the preamp.
The slight increase in 'noise' could only be accounted for by the increased
pickup of interference when the sample was conne;ted to the pre;mp. The
shot-noise, the only significant source of inherent junction noisg,_generated
in the junction by the bias-current of 0.025 ma was only.0.056.ﬁV.Rms.
Thus the noise originating in the junction was negligible compared with
interference pickup and preamplifier noise, and to imﬁrove the signal
to noise ratio, a low-temperature preamplifier physically close to the.
junction is necessary. Pb junctions were not tested with the room
temperature preamplifier because Pb junction fabrication technology was
not developed at the time. The Pb junctions were tested later when a

low temperature preamplifier had been developed.



- 130 -

L Iny

> > ~.
§IOOK $IOOK-
<

CALIB. VOLT.
. V—

- \/+

L

L.He TEMP «—  —> R.TEMP.

FIG. 5.15 DIRECT-COUPLED LOW. TEMP. PREAMPLIFIER, CONNFCTED TO JUNCTION AND
~ '"POST' AMPLIFIER.

l5 : —Nourpur
2 v
I v ' -
T caLis. voLT.
(A) | _ | (8)

FIG. 5.16 JUNCTION CAPACITANCE MEASUREMENT AND AMPLIFIFR CALIBRATION USING
: : THE TV CHARACTERISTICS.




- 131 -

PULSE MEASUREMENTS WITH DIRECTLY-COUPLED LIQUID HELIUM TEMPERATURE

AMPLIFIER

LIQUID HELIUM TEMPERATURE AMPLIFIER DETAILS

Available literature (ref. 5.5 - 5.11) and private communications
indicated that at liquid helium temperatures only superconductive
amplifiers, some M.0.S.F.E.T.'s (Metal Oxide Semiconductor Field Effect
Transistors), and some GeJF.E.T.'s (Germanium Junction Field Effect
Transistors) were usable as amplifiers. Superconductive amplifiers such
as the Cryotron type required too much research and development to be
feasible for this project, though this is probably the most suitable type
for eventual applications using the S.T.J. SuchGeJ.F.E.T.'s as the
TIM301 (Texas Instruments) had good'performance figures at 4.2 K according
to O. PARRISH, (private communications). The charge carriers in Ge are
frozen out at 4.2 K and the J.F.E.T. works only because of impact
ionization of the impurity. The problem with using the GeJ.F.E.T. is that
'T.I. no longer manufacture these devices, therefore they are not easily
available. M.0.S.F.E.T.'s work at 4.2 K (and below) by injection of
charge carriers from the 'source' contact, and these devices are easily
available and inexpensive. The N-channel depletion mode M.0.S.F.E.T.
3N140 manufactured by R.C.A. was recommended for liquid helium temperature
operation by Fred Witteborn (of Stanford Research Institute in a private
communication to Professor GUSH of the Physics Department, U.B.C.); this
is the device used for the present low temperature preamplifier.

Referring to Fig. (5.15) the low temperature preamplifier had a

'cascode' type input, followed by a 'source-follower' to drive the 509
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impedance of the microcoaiial cab1e connecting the preamplifier Eb the
post amplifier. Ilel,.Q2 of the cascode stage the gates 1, and é“of
the F.E;T.'s were connected together and used as a single gate. This
'reduced the operating drain-current in the cascode stage to reduce power
dissipation. 1In Q3 gate 2 of the F.E.T. was tied to the positive supply
voltage to incre;se the transconductance and thus lower the gource |
impedance.' This increased the current through the device but the

dissipation in the device was kept low by keeping the drain-source

voltage low by'the'circuit shown. The D.C. biés of Q1 was adjusted
externally, this waé essential as the optimum operating bias varies with
temperature. It was found that for the set of transistors used the foom :
temperature optimum bias was n-2.8 volts and the liquid helium temperature
optimum bias was n+0. 8 volts. Fof better'performance’the bigs of Q2, Q3
should also have been externally adjustable, but this would have_required'
two more pins on the feed-through into the samplefholder and two more.
electrical‘leadsvdowﬁ to the liquid hélium portion of the liquid heiium
cryostat, increasing the heat-leak. Thus for convenience and to decrease
liquid helium usage rate Q2, Q3 were not externally biased. The output‘
Q3 of the preamplifier drives the microcoaxial lihe terminated by a 500
resistor to match the coaxial line-impedance. In series witH the 500
resistor is a capacitively by-passed 1KQ resistor. This resistor was used
to decrease the drain-source vbltage of Q3. Thé signal across the 50Q
resistor fed the inputs of the post-amplifier (a Fairchild pA733,
previously used as a room temperature preamplifier). The post-amplifier
then drove the ORTEC linear amplifier, which in turn drove the other

devices as before. The preamplifier gate-bias control and battery, the
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preamplifier-supply controls and batteries, the post-amplifier supply
voltage regulator ahd batteries, the junction-bias controls’ahd batteries,
and a pa meter used for monitoring junction bias-current, were housed in
a metal box called the 'control' box physically mounted on the sample-
holder octal electrical feéd—through during operation. This was to
minimize interference pickup. Another microcoaxial cable was used to feed
a calibration pulse to a 10pf capacitor connected to the input of the
preamplifier. A step voltage V applied to the 10pF capacifor dumped a
v x 1071t coul.‘ch;rge into the junction capacitance, causing an
'instantaneous' rise of voltage across the junction and approximately
exponential decay, dependent on junction characteristics. This voltage
was amplified by the preamplifier, and the output from the preamplifier
(via the postamplifier) used to calibrate the gain of amplifier system.
The preamplifier was checked at room temperature together with the
post-amplifier, as shown in Fig. (5.15). The preamplifier voltage-gain
was found to be 25. The post-amplifier-gain was 35.2. Output wideband .
noiée was approximately 0.01 volts Rms ~ at the post-amplifier. Since
the post—amplifier‘alone contributes only < 105 pV Rms at the output
most of thé noise came from the preamplifier, corresponding to 11.3 uV Rms
equivalent input-noise at the preamplifier. This could in future be
improvéd'by transistor selection, and/or adjusting the gate biaé of Q2, Q3
externally. Such a procedure may result in an expected equivalent input

(Ref. 5.9, 10), but it was decided that the

noise of approximately 5 u volts
improvement was not worth the efforts at the time. .Despite the apparently
~ higher equivalent input noise for the low temperature amplifier, the actual

noise-performance when used in conjunction with an input step-up pulse
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transformer is much better than the room temperature preamplifier, as

will be shown in the following sections.

LOW TEMPERATURE'PREAMPLIFIER'TEST'AND'CALIBRATION'AT'LIQUID'HELIUM

TEMPERATURE AND MEASUREMENT OF 'JUNCTION CAPACITANCE

Referring to Fig. (5:16A) we see that as the junction bias-voltage
increases the Rdyn increases from a small value at (1) to a maximum value

at point (2), and with further'increase in bias-voltage R decreases

| dyn

and becomes very sméll at (3)A the "'current-step', and with furthér increase:
takes a value approaching RN (normal tunnel resistance) at (4). With a

small calibration voltage step VC, smaller than 2A/10.e say, applied to

the calibration capacitance CC’ the voltage across thé junction rises

abruptly.by an amount

Cc

Ve = V.. —S% - (5.1)
So C

- Cr+ContCe

where C. is the junction capacitance, and C

3 N is the preamplifier -input

I
capacitance with all the associated stray capacitances. The voltage increment

then decays as:-

_ -t _ \ -_t/'['
VS(’t) = V . = VSO e

S (5.2)
e (CC+CJ+GN) . Rdyn

Since Rdyn at any bias-voltage can be measured from the junction D.C.
characteristics the CJ can be found by measuring T, knowing CC’ CIN and
Rdyn' Note- that this procedure is valid only for small voltage-steps as

Rdyn cannot be regarded as a constant over large ranges of voltages.
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Having found CJ, V;; is known from eqn. (5.1), thus knowing the output
voltage:from the pre;ﬁplifier, the voltage-gain can be calculated. The
variation of the-decay time constant with bias-voltage is clearly shown
in Fig. (5:17).

For R136S1J4Pb, a lead-junction used in the above descriBed measurement
procedure, the':-Rdyn mgximum bias point.was located by adjusting the bias-
voltage for makimum time-constant. The time-cohstant‘T measured from the
output>waveform was 1.2 us, Rdyn maximum was found to be 935Q and CIN =
10pF, thus using eqn. (5.2) CJ was found to be 1270pF. This junction had-
a RN of 11Q, corresponding to a barrier oxide thickness of " 122'(ref. 5°12).
For a junctibn with RN 2 0.592, more suitable for S.P.D. use, the
corresponding barrier thickness is @162, andathus‘the junction capacitance
has a value of 1520pF, (since the jﬁnction capacitance is inversely
-proportional to oxide barrier thickness). The-CJ values for the junctions
used in the a-particle induced pulse measurements were estimated in this
manner. Following the above described procedure the preamplifier voltage
gain was found to be 25.8 at 1.2 'K as compared to 25.0 at room temperature.
The equivalent Rms noise input voltage was foﬁnd to be 9.9 uyV as compared
with 11.3 pV at room temperature. The preamplifier equivalent input noise
was too-high for'observation‘of a-induced signal-pulses with direct
~coupling of the junction to the preamplifier input. Since the preamplifier
input impedance is high compared with the junction impedance consisting |
at the frequencies of interest, <1 MHz, of approximafelvaPF, and stray
capécitances of another 5pF, a.step—up‘pulse-transformer could be used

to improve the voltage gain of the input amplifier and reduce the

equivalent input noise voltage. For example a step-up ratio of 15:1 could
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reduce the equivalent inputlnoise voltage to 0.66 uV,(thé‘transformer ~
itself was not ekpected to contribute significant noise). The advantage.
of the present low-temperature preamplifier over the room temperature
amplifier is“intrinsi¢ally{£he relatively highe?»inpu£ impedance of the
low-temperature preamplifier, and the possibility of placing it close to
the superconductive particle detector and the step-up transformer;r The
high impedance input of the preamplifief enables the use of tﬁe step-up
transformer, and the high impedance of the secondary of the step-up trans-
former necessitate§ short leads to the preamplifier. The preamplifier can
then drive a 509 coaxial line feeding the room temperature amplifier
system withAan amplified signal, cﬁtting down the efféct qf interference
_pickup. It might be suggested that the superconductive particle.detector
a low impedance device,would drive~é'tranSmission—line which then.ﬁQuld feed
the step-up transformer/preamplifier combination at room temperaturé which
would give an equivalent input noise of only 0.75 pV Rms, but this
configﬁration would have the disadVantage of the long transmission lihe
carrying an unamplifiedisignal and subjected to interference pickup, and

the thermal-noise contribution of the transmission line.

MEASUREMENTS WITH LIQUID HELIUM TEMPERATURE -AMPLIFIER WITH INPUT VOLTAGE

STEP-UP PULSE-TRANSFORMER

Commonly available commercial pulse-transformers were either ferrite
core or tape wound core types. The ferrite core.type could not be used

because the ferrite material loses permeability at low temperatures. The
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tape wound core type could not be used for the\fiequencies of interest
because of eddy-current losses. 'Dust-iron' cofes are satisfactory
because of good permeability even at ;iQuid helium temperatures . and low
losses,. but dqst—iron<cores are“nQW'nearly obsolete, not'availéble commercially
on short notice. Three dust—iion.cbfes were obtaiﬁed non—commerciaily.
Fig. (5.18A) shows(a.'pot-core' machined from a TV I.F. tuning component.
Fig. (5.18B)'shows a dust-iron toroid machined from a tuning-slug. FigT
(5.18C) sshows a miniature toroid obtained from Farinon-Electric of Santa
Clara, California;piivately. Because of the desirable small size of 'C' 
eight attempts were madevto wind approximately 103 turns secondary and 102
turns-primary for the required impedancellevels without success, each time .
the secondary was found to be open ciféqited, probably because of the

| .
accumulated strain on the fine wire used for the windings. 'A' and 'BY
cores were wound successfully, and on mea;urements 'A' performed better
and was chosen despite the larger size. The pulse—fransformer was woﬁnd
such that for the expected waveforms of the a-particle induced pulses the
primary had an input impedance of approximately 1002 to match the desired
Rdyn value of a junction, and the secondary was wound with as mahy turns
as physically practical, about 1500 times.

The impedance of the primary for the>waveforms of the expected signals
(Fig. 5.19B), was measured using the circuit of Fig. (5.19A). Knowing the
input-voltage at (A) and the voltage at the dummijuﬁction load at (B), Qith
and without the transformer, the primary'impedance 2 97Q, (assuming the
primary z is real), close to the planned 100Q2. The value was determined

by measuring the amplitude of the voltage pulse at point (A) (Fig. 5.9A)

with, and without the connection to the primary of the transformer.



- 140

LI L

g

VG
I'f

e
Yy

'CALIB. VOLT
> v+

G
Y

v

FIG s zo TRANSFORMER INPUT LOW TEMP PREAMP. CONNECTED TO JUNCTION
- and 'POST'- AMPLIFIER L

" R14852J2Pb at .1.43°%K,
~ Mag. Bias = 28 Gauss
_ Horizontal = .0.S5pus/div
Vertical = 0.2ys/div
Ortec Coarse Gain x:3
"  Fine Gain x!1
"™ V.G. = x 152
Post Amp Gain = x 35,2

- s —d

FIG;aS.éiA a-PARTICLE INDUCED PULSES FROM Pb JUNCTION R14852J2 USING
- THE TRANSFORMER INPUT LOW. TEMP AMPLIFIER.
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Knowing ﬁi, R2 and RJ this allowed the calculation of the impedance at the
~input of the transformer.‘“With the input current-waveform of Fig. (5.19B),
the wavéform Fig. t5.19C) was observed at the secondary, with a risé—time
of 0.6 usec. Note that the output-pulse is much slower than the input

' pulse, and the ratio of ihput pqlSe—amplitude to the output pulse-
amplitude is 1:8.2, énd the ratio of input peak to peak and output peak to
peak voltage ratio is 1:12.6, smalier than the turns ratio of 1:15. The

pulse-transformer acts as an 'integrator' for pulses shorter than 0.6us,

¢

!

thus althoughvtﬁe'oﬁtput¥pulse amplitude is iower than indicated by the
turns ratio fbr short input pulses, the duration of the output—pulse.is
longer. In response to a current-step input, the input volfage pulse;
amplitude:output phise—amplitude was 1:14.9, close to the expected value
of 1:15. During thé tests on the transformer it was found that the
secondary lead corresponding to the outside windings must be used as the
hot—legd otherwise the response rise-time is much longer and the amplitude
less.. This effect resulted from the capacitive coupling between the .
primary and the secondary inner winding layers, the primary windings

. providing-a'iow—impedance path to ground,lthu; effecfively increasing the

winding stray capacitance of the secondary. The transformer was then

wrapped in lead-foil providing a superconducting transformer shield.

Pulse-transformer input low-temperature preémplifier room temperature tests

The low temperature preamplifier and STJ biasing circuit was modified
to include the pulse transformer, to the configuration shown in Fig. (5.20).
A dummy-junction was used in place of the STJ for room temperature tests.

It was found that for Vpp output: szNoise out of 1:1 the 1npu§ voltage
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required at the transformer input was ~ 0.5 uV. For a voltage-step applied

to the calibration lead, a 10 mV step resulted in Vpp out: Ve . :
Noise out

of 1:1. Since the calibration capacitor was now 5pf, the corresponding

calibration signal charge was 0.05 picocoulomb for a SNR of 1.

Measurements of Pb junctions with the transformer input low temperature

amplifier
A large effort was\made to obtain a reproducible process for Pb
STJ's, because of the promise of junctions stable at room temperature and

immune to thermai cycling(ref' 5-13).

However the Pb junctions fabricated
in this laboratory degraded af roombtemperature. Pb junctions were
reqﬁired also to check the present theory for the STJ's‘for high BA
values. Sn (junctions) at 1.2 K corresponded £o BA = 5.4;,whi1e Pb at \
1.2 K corresponded to BA = 12.3, thus Pb junction measuréments provided
the data for STJ's at BA between 5.4 to 12.3. The Pb junction R148S2J2
was used for the following measurements. On cooling to 1iqﬁid helium
temperature the amplifier system was calibrated. A 20 mV voltage step was
applied to the calibration capacitor, resulting in a test charge of 0.1
picocoulombs in CJ. This charge gave an output signal peak to peak
voltage of 80 mV. The observed noise Voltage at the output was 25 mV Rms.
Thus a signal chafge of 0.03 pc would be observablg, using Vpp/VNoise Rms -
1 as the observability criterion. Here we have switched to describing

the signal by "signal-charge'" instead of ”signal—voltége”. "Charge"

is a mére significant parameter in view of the '"ballistic'" or integrating

nature of the step up pulse transformer in the input circuit of the low-

temperature preamplifier for signal pulse durations much smaller than the
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resonant period of the transformer output circuit. ™

observed‘with the -Pb junction R14852J2, of the ekpected waveform and with
good signal to noise ratio; as showﬁ in the C.R.0. record Fig. (5.21).l No
kicksorter was available at the time of tﬁe e&pe}iment_but~the
.discriminator-counter was used to obtain the data shown in table'(S.Z) and
the histogram in Fig. (5.22). At discriminator setting 020 a sharp drop off
- in count-rate occﬁrs, preceded by a slight rise at setting 018. This
agrees with the theoretical prediction of a slight rise followed by a

sharp cut off at tﬁe high energy end (C.F. Fig. 3.15,.3.16). If a 'line’
was present it could lie between 018 and 020 énd be of low amplitude, since

in the histogram Fig. 5.22 at that point such a line could conceivably be

Y
\

obscured by the low resolution.

Effett'df'temperature'Variation'on signals we wished to make measurements

at temperatures'in thé rangevl.Z'K to 4.2 K. At 4.2 K the helium gas

in the liqﬁid4helium cryostat was at atmospheric pressure. ‘Assﬁming the
helium gas was also at 4.2:K; then the range of the 5.13 MeV &-particle
was‘only 0.3 cm. Since the spacing_betWeen the source and the detector

was 0.5 cm, the particle would be stopped before reaching the detector.

To try to obtain higher junction.temperatures while maintaining low helium
gas pressure in the cryostat,.measurements were made by raising the cold-
finger of the sample holder above the liquid helium surface, and monitoring
the junction temperature by the junction-current at a voltage bias-point

having been previously measured at different temperatures. This scheme



Temp. BA Pulse Ampl. Sig. Charge Q | Therm. Cond. Sig?rgﬁiiZ:dQ* . %:rCZfX::;?q
1.19% 12.38 540 mV .675 pc .34 _x 10‘;,.}mk - 0.675 pc 0.675 pc
1.34% 11.00. 660 mV .825 pc .39 o 0.946 pc 0.946 pc
1.45°K 10.17 560 mV .825 pc ).41 0.994 pc 0.990 pc
1.93% 7.64 520 mV .650 pc .55 n 1.051 pc 1.077 pc
2.16%K 6.82 470 mV .588 pc .60 " 1.037 pc 1.092 pc

Table 5.3. Temperature Dependence of a-Particle

R14852J2. .

Induced Pulses in Pb Junction

- SvI -
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was found to be impractical because the temperature changed too rapidly.
Thq output pulse amplitude was therefore measured at five different |
temperatures up to 2.16;K (BA = 6.82) where the helium vapour pressure

was 36 torr, and did not.significantly attehﬁate the a-particle enefgy
(AE/E'& .047) and the results are listed in table (5.3). The pulse
amplitﬁde initially increased with increasing temperature, even thdugh the

increased temperature decreased the R, ; this was due to the increase of

dyn
oI, . . . .

(STJV with temperature. With further increase in temperature Rdyn
decreased.further:and the'impedancg becomes smallef4thannthe.junction-
‘capacitance impedance (Xc = 106Q at 106Hz) and leakage resistance in

parallel, if any, and because significant in the reduction of signal

amplitude, overcoming the %nCreaselin (%%JV with increased temperature.
Further, the increase in temperaturé increased the specific heat of the
glass substrate, thus the same heat-pulse resulted in a smaller temperature
rise with increased substrate temperature, consequently a smaller signal
current amplitude. The signal-charge depended on the dﬁration and the
current-amplitude. . Since the duration was inversely proportional to the
diffusivity (6%59, the signal-charge was inversely proportional to
Cp.(Egﬁa = K/p .- Since the dénsity p is nearly constant over the
temperature range of interest, the signal-charge varies as K, the
thermoconductivity.. Thus by multiplying the observed signal-charge at
are reépectively the

temperature T by (KT/K ), (where K

1.2°K 0 %12k

thermoconductivities of the glass substrate at temperature T, and 1.2 K)
* *

we get a 'mormalized' signal-charge QT . QT is the signal-charge from a

superconductive-tunnelling junction at temperature T subjected to the

same small temperature excursion as that at 1.2 K due to a 5.13 MeV
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a-particle impact. Thus the QT 's indicate the S.T.J. characteristics
1ndependent of substrate propertles The "above discussion is valid
qualitatively only because of the assumption of a small and uniform
'eXcursion of temperature in the S.T.J. whereas for an d—particle impact
the temperature excursion is localized near the &-impact site and not
small (i.e. thermal properties chénge values significantly during the
temperature pulse) correCting-furthef for d—particle energy attenuation of
~ 0.047 for the 2.16 K (36 Torr) and ~ 0.025 for the 1.93 K (19 Torr)
cases, the largest signal-charge QT* occurs at BA = 6.8. Referring to
Fig. 2.6, Chapter 2 the voltage-response sensitivity to temperature

change of a S.T.J. curve (= 06 Vs BA), has a maximum at BA = 5.8,

3T
thus despite the qualitative nature of the above discussion the theoreticali'
and'e%perimental values of peak_BA'are close. The above discussion |
attgmpts to eXplaih the physical nature of tﬁe change of signal-charge
amplitude with temperature. The exact treatment requires numerical

solution of a non-linear problem which is of little help in understanding

the physics, and ‘was not -done.

The S.N.R. for Pb junction R14852J2 . From Flg (5.21) we cah see that the

peak to peak noise voltage at the output is approx1mately 80 mV,
VN Rms = 32 mV (for gaussian noise). . The maximum signal-amplitude peak
to peak is approximately 660 mV, thus Vpp/VVZN"= 20.6. Sn junctions are

. expected to give better signal to noise ratios as explained in the

theory chapter.
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MEASUREMENTS ON 'Sri 'JUNCTIONS USING THE TRANSFORMER INPUT 'LOW-TEMPERATURE

PREAMPLIFIER

Sn STJ's are e*pected by theory to give better signal-amplitude

: becaus¢ the optimum STJ response to a temperaturé is at a lower
temperature (than Pb), where the thermal conductance and speéific-heét
of the substrate is 1ower. The inherent SNR is also ekpeéfed to be
better for the Sn STJ, because of the VA dependence of the Rms shot noise
( cf. Eqn. 2.48, Chapter 2). For the present measurements, amplifier
noise dominated sé the improvement of SNR results from the increased

signal amplitude for Sn junctions.

Amplifier'system calibration Fig. (5.23) shows the response of the

amplifier system to an approximately §-function calibration charge of
0.2pc. (This response-curve was used in Chapter 6 to calculate the
expected output waveforms from a-particle induced signal-currents in the

v STJ.) R164S1J5 was biased at maximum R for this calibration curve.

dyn
The charge Sensitiﬁityzfor the Ortec linear amplifiér setting of

V.G. = 304 was 3.2 volts/picoéoulomb. The peak to peak noise letage
was v 200 mV at the output corresponding to V Rms of N 79.9 mV,

(eQuivalent to a noise-charge of 0.0221 pc.).

a-particle induced pulses, direct oscilloscope measurements After the

junction plus amplifier system was calibrated, the a-particle source was
directed towards the junctions and output-waveforms resulting from the
a-particle bombardment were monitored using a Tekronix 465 portable

: Oscilloséope. The waveforms were monitored continuously during the
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"kicksorter" (pulse émplitude distribution analyser) accumulation runs

as a precautionary measure against upfbrseen noise sources tif any) and-
equipmént failure. Two of the d—particle induced output oscilloscope
réébrds are shown in fig. (5.24A, 5.24B). TA! shows the output signal
béfore the kicksorter run Acc. 9 andA'B' shows the output-signal from the
same junction before kicksorter run Acc. 20, with the oscilloscope
triggering threshold set low to show lower-amplitude pulses. The maximum
signal-output peak to peak voltage for 'A' was 3.2 volts for the same
amplifier setting:as the calibration curve. This signal output
corresponded to a signal charge of 1.0 picocoulomb. The maximum peak to
peak signal-output voltage for 'B' was 4.85 volts at amplifier voltage gain
= 456, this corresponded to a ypp‘of 3.2 at the settins for 'A' (voltage
gain = 304). Thus the makimumxﬁ—p;rticle induced signal charge is also

1 pC for 'B'. Note the good sigéal to noise ratio in.'A' and 'B' C.R.O.
recordé and the wide range of signal amplitudes visible in 'B'.

| The signal to noise ratio Vpp//\_lz_}; is 40.0 for R164S1J5SN compared

to 20.6 for Pb junction R148S2J2 pc. The Pb junction had R

N

Rdyn >1,75K at 1.2 K, compared to the Sn normal junction tunnelling

resistance RN of 0.30Q and Rdyn = 72.59, clearly verifying the theoretical

predictions, as-the Sn junction was definitely better even with a smaller

= 0.12Q,

junction normal conductance (G = 1/RN).

‘Kicksorter measurements The signal to noise ratio of this junction-

amplifier combination was sufficiently high that the kicksorter output
would definitely show a 'line' or peak if the pﬁlse amplitude distribution

had such a peak. 20 kicksorter records were made Acc 1 to Acc 20



- 152 -

(Acc = Accumulation). Acc 1 to Acc 3 showed a false peak due to 'clipping'
resulting from inadvertent biaéing of the junction close to a current-..
step in the I.V. charaéterisfics-the origin bf this effect will be
describéd in ‘detail in Appeqdi%‘s.i., Acc 7, 8 were_records of runs made
with junction R164S1J1.  The remaining'fifteen records were of kicksorter
runs:with R16451J5. The large number of runs were made to be sufe that
no peak was missed. A good refresentative'recorﬂ Qas Acc 16 shown in
Fig. (5}25). No peak was visible, the record wés'of the form predicted
by the present théory. To further ensure that noise 'did not smear out
any 'péaks' the record Acc 6 was made, and then with identical setting-
and ‘accumulation time record Acc 6 was made with the particle source
shuttered. Acc 6 recorded no pulses in any of the channels displayed,

i.e. all the pulses accumulated in Acc 6 were signal pulses.

" Summary of Measurements Chapter

d—particle induced pulses were definitely dbserved verifying GHW's

resuits.

- temperature dependence of pulse-amplitudes in Pb and Sn junctions
were measured, the results agree with theory.

- the S.T.J. capacitance was measured directly and voltage gain of the
low temperatﬁré preamplifier simultaheously measured.

- a low-temperature preamplifier was developed to improve the SNR.

- junction/amplifier combined response to charge deposited in the

junction was measured, (this was required for theoretical derivation

of the output waveform for comparison with the ekperimentally

measured waveform).
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CHAPTER ‘SIX

Reduction of Experimental Results and Comparison with Theory

- Introduction

This chapter is organised into three parts.‘ lhe'first part compares
the theoretical expressions for ISS/G and 1/R‘yn/G as functions of BA at”
constant voltage bias (derlved in Chapter 2) with experlmental data, to .
.establlsh the validity of these expre551ons and other expressions and -
conclusions derived from these. The theore:ical junction voltage response
for a high frequency temperature change as a function of BA is qualitatively
compared with‘the experimental data (from-Chapter 5).”

The second part of ‘this chapter uses the junction current I (tj
calculated in Chapter 3, as a ba31s to calculate the expected 51gnal voltage
output from the room temperature amplifier system and the lOW‘temperatureb
_amplifler system  (with transformer 1nput) for comparlson with the
respective experimental waveforms |

~ The third part of this chapter compares the theoretical peak signal
current and total signal charge ampl1tude dlstrlbutlon curves (derived
in Chapter 3) with the experimental 51gnal output amplitude dlstrlbutlon‘

.~ curves from Chapter 5.

Junction quasiparticle tunnelling current dependence on temperature at’

constant bias voltage.

From eqn. (2.15) of Chapter 2 we get for bias voltage V =-A/e:%



- 154 -
10=% —
O ' Expt'l. PT.S from R14852J2 (Pb)

-~

e  Theory

1075 -
,IS_S/G o
AMP/MHO

1076

o=

' . IO-B 1 l | 1

BA

FIG. (6.1) ISS/G as a function of gA.
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/S = 2 ok em (e 6.1)

: e _ _ .
where asAeXplained‘in'Chapter 2, we aﬁproiimate A‘byvA = A(o) for;.{
BA >'3.5." The equation is Shqﬁn in graphical form* |
in_Fig. (6.1) for lead, and Fig. (6.2) for tin junctions. The experimental
~ values of ISS/G as a functlon of BA obtained from one lead S.T.J. and two
t1n S.T.J.s are plotted in Fig. (6.1) and Fig. (6.2) respectlvely,-using
constant energy gap values of 1.12 mV and 2.54 mV for tin andvlead
respectlvely to calculate the BA values of the experlmental p01nts
Referring to Fig. (6.1) the exper1mental p01nts fall close to the theoretical
curve. Theoretically the experlmental p01nts are expected to fall sllghtly
above the curve, due to the approximations leadlng to- eqn. (2 15) (C f.
Chapter 2). This deviation may be accounted for if we assume that A for the
lead junction films is slightly larger than the Value.used (& 17% larger).
Referring to Fig. (6.2) we see that the experimental p01nts for tin S.T.J.s

fall close to but above the theoretical curve, as requlred by theory for

gA < 4.5. For BA > 4.5 the deviation 1ncreases, probably due to the -
increasing significance of leakage currents w1th increasing BA.. Thus it
appears that the lead S.T.J. we used for Fig. (6 1) data is a better
(lower leakage) junction than the tin S5.T.J.s we used for Fig. (6 2) data
From the above discussion we can conclude that (6.1) is Justlfled :
experlmentally to the degree of accuracy requlred for the theoretlcal-

discussions in Chapter 2.

BISS

~oT

The /G Vs. BA curve was plotted in Fig. (2.7) Chapter 2. Since
the %%-’/G expreesion was derived from eqn. (2.15) by partial differentiation,

the verification Of’the_ISS expression also justifies the expression for -
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(BISS/BT)/G at constant bias veltage.

Variation of Rdyﬁ with temperature at constant bias voltage.

From the I.V. characteristic for Junctlon R67SlJ3 shown on Flg. (5. 9)
we see that the dynamlc re51stance Rdyn of the junction does decreese with
increased temperature (decreased BA) as iequired by the foilowing tﬁeoretical
expression derived from eqn. (2.5) of Chapter 2: B N

l/CRdyn.G) = 28k (sa)e PV o - (5.3)e E

The maximum Rd&n for experimental Sn junctions occurred at junction bias
voltage of 0.3 mV, corresponding to eV = 0.536A insfeed of eV = A because

it was found.experimentally that multiparticle tunnelling effecte caused‘
'eround this foint.

a.'bump'in the I.V curve at eV = A thus lowering the Rayn

Thus the eqn; (6.3) becomes for Sn junctions at this bias value:

-0.536A8

l/(Rdyn.G)" - ZBAKI(BA)e (6.4)

‘This equationbis.shoﬁn graphically in Fig. (6.3). Experlmental resules

for t1n junctions R67S1J3, R77SlJ4 R4751J1,3,6 were used to calculate
/(R G) and plotted Vs BRA in the same flgure. The point correspondlng to
BA * 3.85 for R67S1J3 falls close to the theoretical curve but the rest

of the data p01nts for large BA are above the theoretlcal curve. - For

.R77SIJ4 the data points corresponding to BA ~ 3.3 to 4.0 fall closely on. the
theoretlcal curve, and for larger BA, the data p01nts are above the curve

‘but to a lesser extent The data points for R47S1J1, R47SlJ3 R4751J6 at

BA ~ 5. 46 (T T 1.19 K) were progre551vely closer to the theoretlcal curve
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than the corresponding pointsvfor R67Slq3, R71S1J4. The above deecribed.
deviations fmom theery.are.interpreted as the presence of leakage
vresiétance. R67S1J3 had RN = 0.22 Q, while R77SlJ4 had RN = 7.33 Q.
R77SlJ4 hav1ng the ‘larger junction normal tunnelling re51stance probably
:had relatively less leakage than R67S1J3. ThuS as BA 1ncreased, Rdyn
-increased and the specimen with the smaller leakage resistance‘exhibited"
a smaller deviation from the‘theoretical curve. Note that foi’smaller

BA values, Rdyn is sufficiently small to swamp out the effects of the
leakage, and the experimental'points fall close to the theoretical.curve.
To further verify this hypothesis, data (at 1.19 K) from R47SlJ1 3,6
junctions with st111 higher RN than R77S1J4 were plotted As described

. above these points fall closer to the theoretical curve. ( R47SlJ6
620 ). On remov1ng the effect of the 1eakage resistance component from"

' the data points for R67SlJ3 at B = 5.45, such that this point falls on the
theoretical curve, the next'two data points (fer.higher temperature) fall
on the theoretical curve but the points:correeponding to éA = 3.84 and

4.25 now fall below the curve. This indieated temperature dependence of the
leakage: the leakage conductance decreases with increased'temperature. '

The experimental R value was obtained-by measuring the slope of a

dyn

tangent at the point of interest on the I.V. characteristic curve, thus the

accuracy of the R Value depended on the accuracy 1n draw1ng the tangent

dyn
line to the curve at the 1nd1cated point, which is unlikely to be better
than 10% in most cases. W1th1n this accuracy and the approx1matlons in the

“derivations of the theoretical expression the experimental data agree with’

the theoretical expressions for Rdyn
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Dependence upon ambient (mean junction)temperature of junction voitage

- response to low and high frequency temperature changes.

Since the junction voltage response for low frequency temperature

changes is given by:-

v _ Al
aT a7 D™
and the theoretical expressions for the two factors on the RHS. were shown
to be supported by experiment the theoretical expression for the low

frequency voltage response:

. -BA | - |
W o K gy A3 T - . (2.25)
oT 2e o 1+e : R : ' .

can be eonsidered as verified.

For the‘response to high frequency temperature changes we can use thev
experlmental data on the dependence on ‘mean Junctlon temperature of the .
amplltude of a- partlcle 1nduced 51gnals for R14882J2, shown in Table (5.3),
vChapter 5. Since we are interested here in the response of the JunCtion
to a standard temperature‘pulse as a functioh of BA,-it is necessary.to
correct the measured junction signals to allow for the temperature
depepdence of the substrate thermallcharacteristicsf If uhcorrected, the
temperature pulse produced by a given a-particle energy loss will depend
on the mean temperature andrthus on BA. pIn Table C5.3)hthe normaiized'
signal charge response is the calculated equivalent signal—charge value.
produced at a normalizing standard temperature of 1.2 K, based on a small
51gna1 (small uniform temperature change) model. This procedure therefore

removes the substrate properties as a factor affectlng the S.T.J. response,,
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. leaving the S.T.J. response to a:ffixed' temperature pulse. dTHe ebserved u
values of the normalizedisignal charge response does decrease with
increasing BA beyond BA @ 6, confirming the expecﬁed voltage response
behavior described in Chapfer 2. It must be emphasized fhat.the procedure
used in Chapter S to get thed'norﬁalizedFFSignal charge was an epproximatien
accufate only for temperatureAcherges which are small and uniform over the
junction. The actual a-particle heat spike induced temperatufe changee‘
were of the order of l(K near the impact area at the time of signal current
peak (’\alO2 ns after a-particle impact) and were not uniform over the Junctlon.
Thus the above discussion is valid only qualitatively. It is possible to |
calculate numeritally the current, voltage_and chergerresponse of é gléssv
'Substratede.T;J. to a-particle impact at different bath (and therefore:
average’junetion) temperatures as described in Chapter 3 by simply setting
the bath temperature input to the compufer nrogrém.to different desire S
values and run the program, but_this was not done because it was feltAfhat
thebgain in understanding, if any, does not.justify theilafgedamounfs of
computation. 10ther than the above crude qualitative argument and the
numerical approach, very little can be said Because'of'the complex non-

linear nature of the problem.

Effect of Junction-Capacitance on junction voltage waveform;A

Fig.'(2.7) shows the equivalent circuit of S.T.J. The'eUrrent
eource Ié(tj is the signal—current, that is,'the_tnermelly—generated-excese
‘junctipn curfent. RL ad is the twin-lead cable termlnatlng re51stance at
the TOOm temperature preampllfler 1nput. The’ 51gna1 current I (t) can be ‘d

considered as a sequence of charges Q » dep051ted in the Junctlon. A

sinigle- charge Q dep051ted in the Junctlon causes the follow1ng Voltage -
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.across the junction:

LY o 1 1,
Vsj(t) = o ve o Where T = CJ.( /Rdyn + /Rleak + /Rload)
 (6.5)
" Thus by linear-superposition the junction voltage is given by:
- K Q  -(tg-ty)
N K N
Ve(t) = Vo (t-t.) = 7§ — e 7
J .
K IS(tN) -(K-N)é6t o
= ] =——ste T _ (6.6)
N=0 CJ S

Where 6t is the length of the discrete time interval between the arrival of

N.S§t., and

successive charges QN is the charge deposited at tN
. ¢
, (N . ‘
.QN = j I (t) dt = §8t. IS(tN)
tNl
'Going over to the integral gives:
' 1t : —(t-t')/r - -
V. (t) = - IL(t') e ™ dt’ : - . (6.7)
S C S ‘ o _

J (o}

(6.7) is derlved 1n this manner because it gives a better phys1cal picture
and the equation (6.6) is used later in this chapter for numerical
calculations of the junction s1gna1 voltage based on the 51gnal current =

I (t) calculated numerlcally in Chapter 3.

Sca11ng of theoretical signal current for a reference “junction IS f(t)

\

to specified junction parameters

In Chapter 3 we calculated the signal current by integrating the _

thermally caused excess current over the junction'exPressed'methematically:'
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Ig(t) = J (Jgg (D) - JSS(TB))dA‘ . t... I A(6,§)

Az

where JSS(T) current per unit area of the junction at temperature T.

T = " T(x,y,t) i.e.; temperatnre is a function.of locetion and
time. | | | |

TB = bath or ambient. temperature.

AJ = junction area.

we can thus write for the reference junction:-

Tsree(®) = J UssresM - Jggres(Tp))dA R
AJref _ ,
8Ioo(T) o 8T (T)
Since J (T) = —35_ T apg JSS ef(T) = _SSref °
. . SA _ . GA.

where SA is a small area element of the junction and §I S(T),"the current
floWing in this element at temperature T" the same 51ze of area SA-is

chosen both in the actual Junctlon and in the reference Junctlon.

(T) . 1o (T)
Thus ss - ss
' JSSref(T) SSref(T)

»Conflnlng our attentlon to this Junctlon element for the moment and

referrlng to the first paragraph of the scallng theory section where we
1 61

showed that ISS = g— , We get GISS = %g
SSref ref SSref ref

are the conductances for the area elements 6A

R where 6G, &G
» ref

Assumlng that the junctions are unlform, .such that

86

8G /A

ref ref’'  Jref
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“where G, G ref are respectlvely the Junctlon conductances for the- Junctlon

under con51derat10n and the reference Junctlon respectively. We get:-

Tsg(T) ey
Issres(T Gypog/ A Jref

and (6.8) becomes:-

c-;/AJ .
gt = - J Ussres (M = Jggres(Tp))dA
G. /A _ . _
ref’ " Jref A .
J
.Thus: _ :
. J (T) = Jeo (T))dA
Is(t) G/AJ ‘ i SSref SSref B N .
= ' o, JJ - (6.10)
I (t) G A _ :
Sref*"’/ | ref Jref (JSS f(T) SS f(TB))dA

Jref

If AJ‘= AJ of then the ratio of the integrals clearly equals unrty;
'For the case of an 5.13 MeV a- partlcle 1mpact at the junction centre even‘
when AJ is infinite, and AJ of T =4 x 10 mz.iche ratiq is-pnly <1.13f As
calculated in Chapter 3 and shown in F1g (3.17),‘an a-particle impact on N
an 'infinite' area junction gave a peak current of 2.09 pa and an impact
in the centre of a f1n1te junction of area 4 x 10 4cm2 and’ the same Junctlon
conductance per unit area gave a peak current of 1. 84 ua, thus,llmlting the
.ratio of 1ntegrals in (6.10) to less than 1.13.- The'ratic_is_ciearly close
to unity if the juhction area. is comﬁarable to the reference jupction érea,
~ thus we can write | |

Is(t) o ~' G/AJ

(6.11)
-ISref(t)'. Gref/AJref ' S

This scaling relation is used later in this'chapter.
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Numerical calculations of the effect of junction capacitance and amplifier

- rise time on signal-voltage output waveform and comparisons with experimental

observations,

Room temperature preamplifier.casel _. We ehall consider the obsetvations :
made with the Sn junction R67S1J3 and the room‘temperature amplifier first.
As the amplifiers in the system'were-wide;band RC coupled typee the.output
wavefotm resembles the junction signal‘voltage waveform Vsl(t),Lwhicn is
related to the junction signal current Is(t) by equation (6.7). VThe pre- |
amplifier rise time of ~5 ns can be ignored as it is much smaller than the
mlnimum rise time 80 ns. of the.following Ortec linear—amplifier. Aesumlng
the linear- ampllfler had a RC type rise. and fall characterlstlcs (e.s.

(1- - /T) rise, e ~t/t fall)- then the 80 ns rise-time from 10° to 90% n:
corresponds to an equ1valent RC 1ntegrat10n time constant of 38. 5 ns. Thus
Vsz(t) ‘the signal-voltage output Waveform was'obtalned from Vsl(t) by,. |
convolution with this RC time constant.

| R67S1J3 had Ry = 0.22 @ and A; = 0.0556 x 10‘4 m?. Using equation.
(6. 11) this gives I (t) 1. 55 I f(t) (F1g 6. 5) The estimated Junctlon |
capacitance C; = 1500 pf combined with'the parallel sum of Rdyn‘ leak’v
and Rload (18 Q) gives a junction RC time constant of.27 ns. U51ng the
procedure outlined above and the values of I f(t) for a (0;0)'d;partlcle’
: 1mpact (see F1g 3.14 for coordinates) V (t) was calculated and plotted
in Fig. (6.6). The amplltude -of the theoret1cal VS (t) curve (A) was
1.176 times that of the exper1menta1 V (t) curve (C) and the peaks occurred
at 220 ns and 190 ns respectively. Con51der1ng the uncertalnty in the - low

temperature thermal properties of glass, the agreement is very good. The .

‘later peak time of the theoretical curve indicated that the glass thermal
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diffusivity walues used‘were too low. A change in the‘gless thermal
diffusivity values would result in a similar change in the time scale;
thus to seek a better fit of calculated curves to experiment, various
changes in the I_ f(t) time-scale were trled each new time- scale giving a
set of trial Iref(t) values.. For each set of Iref(t) values‘a corresponding
.set of Vsz(t) was célculated_and compared with_the experimental curve for
match in peak time and match in thebriSing portion of the.curve. A good
match was obtalned for a time-scale reduction factor of 0. 75 (corresponding
to a diffusivity increase of 1. 33 this is shown in curve (B) Fig (6.6).
The ratio of theoretical to observed amplitude is now 1.13 and ‘the waveform
match is better. | |

| In Chapter 3 when we calculated the I f(t) curves we 1gnored the
parallel radial thermal- conductance of the junction films, which was
‘found to be ~ 0.178 that of the radial heat conductance of the thermally
affected portion of the glass substrate To account for the effect of heat_
transfer along the junction-films exactly weiwould,have to goito'a model -
of the heat-diffusion problem including the thermal presence of the
junction films. The effort required for‘this is not presently - |
justifieble; We.can'see-that the effect of this extra heat path is to
‘lower the tempereturesbin the impect area more rapidly, this being
reflected in a slightly lower.signal—current amplitude and a faster decey |
rate for the current.waveform. Thus the inclusionvof the junction-filml
heat conductance would bring the theoreticallwaveform closer to the»

experimental waveform.
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| The response of the system (junction under test plus the amp11f1er
system) to an externally applled calibration test charge was'recorded
This gave the Junctlon plus ampllfler system response to a ‘near deltae
Afunct1on .deposition of charge in the junction. Thus as in the der1vat10n
of eqn. (6.7), the system output response to the 51gna1 current I (t)

is a convolution of Is(t) with delta-function chargevresponse'R(t):'

Y(t) = J Ig(t') R{t'-t)dt" S . (6.12)
o : .

where Y(t) is the output response and R(t) iebtheﬁsysiem response to.unit.'
charge, R(t) ; O for negative argument. The eXperimental output reeponse
curve was obtained using Sn junction Rl64SlJS, withARN‘= 0.30 Q area =

an2 x 1074 m2, thus using the signal-current'l (t) scaled by eqn. (6.11)

we derived above for the 1nput we can calculate the expected output us1ng
(6.12). Unfortunately I (t) values are. ava11ab1e only to 0.42 us, (the
Iref(t) curve was calculated to 0.56 s, which when'contracted by the‘
time-scale factor 0;75 described aboye_gives an IS(t) curvehfrom 0§t<0 42 us.
~ Because of ‘the complexity of the problem with the present U.B.C. computer
N 1250 sec CPU t1me is requlred per u sec of the thermal pulse computatlon.
“To compute values of I (t) out to v 8 us, needed for the convolutlon (6 12},
is not justifiable an terms of results. Thus extrapolated values of I (t)

_ dI
were used in the calcuiations. The values ———-/IS were calculated at a

dt
series of points along the falling portion of the'ISvcurve; It was found
that this ratio is nearly constant but decreases slowly beyond 0.30 HS

1nd1cat1ng an exponential type of decay w1th time e kt; The small decrease -
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in the ratio can be accounted for by a progre551ve decrease of k with
~time. Two Y(t) curves were calculated and plotted in Flg (6. 7) ~ One
Y(t) curve was calculated w1th exponential decay extrapolatlon of I (t)
with a constant time constant. The other used an exponential decay w1th
.the time constant increasing by a factor of 1.013 for each 6 ns. These two
'_curves bracket that expected from the observed change of the t1me constant
in the I (t) curve, estimated at a value of t near the end of the computer
calculated section of the ‘curve. Referrlng to Fig. (6.7) the different
extrapolations produced no- change in the first peak of the 51gnal voltage.
The successive peaks are smaller for the extrapolation with increasing time
.constant with time (the increasing time constant ‘can be thought of as a
decrease in diffusivity with decrease in temperaturea.i On the‘whole.
the differences between the curves are minor. The:theoretical curves had
a smaller first peak—amplitude‘than the'experimental curve and the‘peak
occurs slightly later. The time- Shlft of th1s peak may be accounted for
by the uncertalnty in the osc1lloscope trlggerlng delay. But even w1th thlS
correction the first peak is narrower than the theoret1ca1 curve, thus
suggesting a Junctron signal current with a narrower and ‘more pronounced
peak. The second peak more closely approx1mates the observed curve. The
third peak is much lower 1n amplltude, suggesting a more gradual decay of
Ig. The maximum peak to peak voltage ratio for the theoretical and
experlmental curves is 1.24 (using the"plain' exponential decay.
extrapolation of IS curve). The agreement of theory»and experimentbis

reasonable.
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Comparison of’ theoretlcally dérived’ and'Observed output pulse amplltude

dlstrlbution.

In Chapter 3 it was shown how @ impacts at different locations :
relative to the Junctlon can produce different signal- current amplitudes
- and waveforms. C.ff (Fig. 3.13) and (Fig; 3.14).' The resultant
~theoretical signal-current peak amplitude and total signal-charge toi

0.56 us for all points of the impact coordinate-grid were tabulatedtand :
‘amplitude distribution histograms plotted in Fig. 3.15, 3.16. The
~uneven appearance of the histogram is due to the coarseness of the impact
coordinate grid used for the computations too much computer time is

needed for a finer grid. Fig. (5.25) Chapter 5 shows a representative

- experlmental "kicksorter" record of the a- particle 1nduced -output pulses

.made with the transformer: 1nput low temperature preamplifier amplifier
system described in Chapter 5. As the amp11f1er system is linear and-the
~output voltage amplitude is signal charge.dependent-due to integration

in the input transformer it is reasonahle t0'assune'that the expectedv -
output amplitude is directly proportional to the total signai‘charge
accumulated up to 0.56 us.. Thus the curve’in Fig; 3.16 should closely
resemble the output amplitude'probability density curve. Fig. 3.15 shows a
‘histogram plot of signal current: amplitude Vs. probab111ty den51ty If the -
waveforms of all the pulses were similar, then the signal current amplltude
would be proportional to the total signal charge and thus proport10na1 to |
output voltage amplltude In fact the waveforms are only roughly similar,

so that Flg 3.15 should only approximately resemble the Output amplitude
probablllty den51ty curve. These theoretical distribution curves-(Fig 3'15
3. 16) are in fact clearly similar to the experlmental dlstributlon curve in

Fig. (5.25). The experimental curve contains in addition to the size'effeét,
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the results of the "angle of impact"‘and of ampllfler system.n01se which
all tend to smear the dlstrlbutlon, thus ‘the high amplitude cut off is not
as sharp as the theoretlcal curves. The agreement of theory and experlment
here is very 1mportant as only a 'thermometer model!’! of the glass substrated
‘ SPD can give rise to the observed pulse amplitude dlstrlbutlon u51ng a

‘monoenergetic o- partlcle SOUTCG.

Summary: -
The.theoretical_expressions for I /G l/R G and ( ) Vs. BA were

in agreement with experlments thus the theoretlcal expression for %%-may

be correctly used to analyse 1ow frequency signals. 'Scaling' of'

theoretical junction currents to obtain theoretical yalues:for

comparisons with expériment was discussed. Comparison of obserVed junction

signal voltage pulses w1th theoretlcal Junctlon 51gna1 voltage pulses was

made, and the observed output signal w1th the’ transformer input preampllfler

compared to the theoretlcal waveform w1th good agreement. The experlmental

pulse amplltude dlstrlbutlon (klcksorter record) was compared to the _ .

-theoretlcal IS peak and QS amplitude dlstrlbutlon, agaln with good

agreement,
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CHAPTER SEVEN

A PROPOSED SUPERCONDUCTIVE PARTICLE DETECTOR
THE HEAT-SINK CHIP TYPE

Referring to Figure (7.1) this hypothetical‘type'of particle

detector consists of a S.T.J..deposited on a chip of electrically
insulating material with high heat conductivity atllow temperature,,e
such as diamond and sapphire,and the chip mounted such tnat heat
- loss from the chips'occure slowly, mainly by radiation and heat

transfer to superfluid helium film; (if any). The heat from the

particle impact quickly diffuses in the chin resultingbin a quaei
uniform increase‘in the temperatore of,cne chip. and of thets,T;J;
deposited on the chip. .In this case tne thinner the junction

films the better, todreduce the heat-capacity of the chip-jonction
combination, (51nce the thermal—mass is decreased) |

The uniform increase of the S.T.J. temperature results in 1ncreased
4qua51—part1c1e tunnelllng-current providing the s;gnal output.

This type of S.P.D. appears potenﬁially to be.the best of the

three described.  Because of tne more uniform incfease'in‘temperature
over the junction area,'eignal Variationsdfrom junctioninon-.

uniformity, if any, are'reduced.l The "angle—effect" and "finite
jonction'eize effects" (described later in this chapter) factors which
severely degrade resolution in the previous tyfes‘do not affect:this cype,
of S.P.D. Because of confinem. 1t of.the heat to the heat-sink chip, the'
particle energy utlllzatlon is much better resultlng in an order of magni-
tude. 1mprovement expected in. 51gna1 output. Radlatlon damage to the

S.T. J. is avoided 1n the proposed Ver51on -of the heat-sink ch1p S. P D

in Flgure (7 1) because the particle never reaches ‘the Junct1on £ilm.
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a - particle trajectory - :

/glass “or other”

/ | . / substrcn‘e/
- 7 ////
Jle I heat sink chip [Tl
}\\\\\\\\\\\l . \ - ‘
519 S "\ phonon barrier
: : chip support

Fig. 7.1 'Alpha-Particle Impinging on Heat Sink Chip Typé

Superconductive Quasiparticle Tunnéiling-Junction .
Particle Detector.
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The heat-sink chip model is justifivabie if ;-he time for
temperature avetaging is much smaller than the tehpeiature decay time;
As the range of a 5.13 MeV alpha-particle in dlamond is 19.6 u a 20 H
thickness in.the chip is suff1c1ent to stop the alpha- partlcles
assuming that the chip is the same area as the junction, the
dimensions of the currently used S.T.J. are 0.2 mm x O. 2 mm.
we have the ch;p dimensions as 0.2 mm x 0.2 mm x 20 um. Tha mean
free path of phonons in diamond at <2 K is much greater than the
~chip dimensions (Reference 7.1).  The acoustlcala velocity in-
diamond is >109 m/sec, thus the-singie transit time <20 n sec.
with consequent temperature averaginghtime e few timesbthisivalue,-
much smaller than the expected'thermal decay time of > 1y eec}
Basedﬁon_theiheat-eink chip model we can write the

following equations:- .

 M.Cp. 6T = 8Q B - (7.1)
Q- ' | - R
% = kK (1 - TB‘*) | . (7.2)

where: M = mass of heat-sink chip»

Cp = Specific heat of the heat-sink chip.’
6T = small chahge in temperature of the chip,
8Q = small change in the quantity of heat in the chip; g

T = temperature of the chip, assumed uniform,

T,= 'bath' or surrounding temperature,
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K =.constant étruétﬁrally depeﬁdent, (éan be selectea‘
within limits), depends on the area weighted sum of the
{radiation‘heaf loss rate proportionélly constant -
and the super fluid helium film heat loss rate

proportionality constant.

Equation (.7,1) expresses the definition of heat capacity,

. - aQ _
1.e7 3T T M.CP.

Eqﬁation ( 7.2) expresses heat-loss rate due to.radiatidn (or
~ like processes).
. _dQ
Slnce. GQ = It . ot , B _ | o
We get from Equations ( 7.1), (j7;2) MchT = é%'5t =Y'K(T45TB§)5t
' \—b (703 )

For diamond at low temperatures, CP = oT3 where a is the DebYe

constant thus we get from (7.3)

daT K (™Y - T , S
a. . (T" B ) | » T (7.4)
" Ma T3 o '
. | T3
L dt=-Mo dT - -
K "._(T - Tt
' y o by L . faky

- where A is a constant of integration ,-eQUal to (T H_TBQ).,
‘ . . ~"0 e
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Thus we get finally‘_'

. ' “ale 4
PO o L Yy
T (T = Tt ) e Mo + T,
| . 4K . Y | :
or  T(t) = [ (T " - Tt ) M@ T4 mt] | - (7.5)

We next calculate the initial temperature T, when a quantity
of heat 8Q  is deposited in the heat-sink chip by the

alpha-particle:

From (7.3 ) T
’ ' 9 1o
S 8Q. = f Mo T3 dT
- o T . _
, B .
= Mooy vy (7.6
4 [TQ - T 1 | o o

. The integration is necessary because of the temperature.
dependence of heat capacity of the chip.

. _ 4.8Q e & , .
Pt BT ey
and by differentiation:-~
-3
. [46Q0 + TB”] /4 ,
T = TR . o | '(7;8')'
8Q Mo

o
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and . 81 4
5SS | = 49 I\ T
§Q, |, ( ) 9( Q)
‘ v

‘ -8 468Q

2GAoK B2 , (
= - B e - -Bev . . ' o L.-3/4
- : e ev+d) - A
oMo i (ev+d) - 8] [z~ | Tg']
(7.9)

From~equations'( 7;7) we_get the initial temperature of the chip
To’ mheu a particle of energy SQO is stopped in the heat sink :
chip. Substituting T in equation3( 7‘5)1we get the chip (and |
S. T J.) temperature as a function of time. Substituting this _"
temperature in equatlon (2.8) for N.S. and equatlon (2. 15) for S S
junctiohs we get INS or ISS as a function-of time, thus all
necessary S.P.D. parameters can be derived analyticallyt

Euuation (7.9 gives.avuseful sensitivity parameter;’and can
’give-the signal-current for a low-ehergy particle impact' It is
possible to improve resolutlon further at low particle- energy

.by reduC1ng the chip thlckness and thus the heat capac1ty. _The
1mprovement is limited by the heat capac1ty of the S.T. J., and |
.heat leakage through electr1ca1 connections to the S T.J. This
type‘of S.P.D. is different from the glasS'substrate type_mainly
in the effective thermai size and thermai conductivity of ‘the -

substrate in contact with the Junctlon films. The heat—siﬂk

chip is chosen such that it has the smallest p0551b1e heat
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capacity consistent with stopping the impacting particle,
and conducting the heat rapidly to all parts of the junction
film to obtain the maximum rise in temperature at the junction-

film,  None of these features exist for the glass substrate . -

type.
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The heét—sink chip type SPD offers the best theoretical pfospecté
for high performance, hence only this tyﬁe'will‘be'dealt with in this
section. One of the limitations is the heat capacity of thé STJ films.
For the junctions used in our experlments the film thickness Qas-about
4000 A (top and bottom f11ms), of Sn. The heat capacity of'this.STJ

-12

at 1.2 K (the operating temperature) is v 2.43 x 107+ J/ K. Conceivably

a STJ can be made with films 1/10 as thick, with cocled substrate, thus

-12 J/'K A diamond heat-sink chip with

with heat capacity of 0.243 x 10
the same heat capac1ty at 1.2 K must then be 65 7 um thlck, if it 1s of .
the same d1meh51ons as the STJ, e.g. 0.2 mm x 0.2 mm. Assumlng Rdyn =
.100Q@ and EI-= 0.526 x 10~ amp/ k (these have been experlmentally

achievable values by the author) we' get O ‘575 KeV/uV of 51gna1 (or 1. 739 uV/

KeV).

From equation (2.Ji)

—_— BA | | o

VN% = . &1 -and putting in numbers, B84 =.5.375

o 2C; _ - o -22
A = .8905x10 ~°J
C; = 1.5x107° Farad

1]

or Y V.2

NT
bandwidth{

0.917 uV , this is an overestimate as we assumed infinite

Thus for a 1:1 SNR criterion of resolution, it is possible to resolve

. ) : * . ’
0.527 KeV, (assuming a noiseless amplifier). This figure_can b~ improved

.
in fact our present low-temperature ampllfler can give 1:1 SNR for 0.5 uV
‘'signal,

/
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if STJ's with lower heat capacity can be ﬁade._ With this,eensitiiity
we eome against a large-signai_limit, a iarge cufrent—response cause
'satufation'. This saturation can be avoided by Biasing ﬁot at the max;
Rdyn boint, buﬁ gt a high cerrent.low Rdyn poinﬁ, such that_for the
‘desired eignals, the device.operate at the point of max. Rayn.; thus we
haﬁe an electronically adjustable 'window', of ¥'2A in width for our
example this means a window of 1.11 x'10-3 volts or ~ 639 KeV width. Thisv
limitation is inherent, if S is. the sensitiﬁity of the'detector in volts/
KeV and 2A is expressed in volts,~then the window W is given by W < 2A/S.
Lower operating temperatures are achievable, for eiample usingAHes |
femperaturee of O.STK are readily aftainable by simple pumping. With
HeS/He4 dilution refrigerator temperatures of ~ 0. 015>K can be attained.
The He3 refrlgerator appears to be more practical. Assumiﬁg 0.4LK is
attained at junction f11ms of Al, (correspondlng to BA = 5.3 as in the>‘
previous example with Sn). The heat capac1ty for the 0.2 mm x 0.2 mm
x 400 A Junctlon films 1s 0.896 x 10 -14 J/ K. Assumlng the same Junctlon
parameters as before (since BA is'the.same) we‘get:47.2 uV/KeV,for the
sensitivity 6f the detector. Further, since the totel»inherent'noise is
proportional to A (C.F. eqeatioﬁ 2.45) the total'inherent junction rms
noise-voltage is <O.$22 uv. Thus the inherent:reso1ution limif for SNR .
(signal peak voltage/rpe noise voltage)'= 1 is 11.3 eV, assuming a ﬁoiseless,
emplifier |

We next-con51der the magnltude of statistical- fluctuatlon noise
for the Al Junctlon at O;4K. Assuming a particle energy of 20 KeV we should
get.0.943 mw of signal veltage or 9.43 ua of-51gna1 current. Assumlng a
eurrent-decay.time eonstanﬁiofvs us,fthe signal.charge is then QS 5_47.15 .e

pC. Corresponding to a number of charge carriers N = 0.2943 X 106._ Thus -
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if Faro factor = 1 the resolution is

:ﬂ- =1 - 1842 x1073 corresponding to 86.6 eV FWHM assuming
q N _ S - .gaussian line
If the Fano factor is the same as that for'Ge, F = 0.08, then
T F . 3 : ' -
L G — ='0.521 x'10 " corresponding to 24.5 eV FWHM assuming
q N ~ o gaussian line
S peak

This compares with N =-0.6803 X_104 for a 20 KeVv particle_deteétedfby‘a -

Ge junction-detector, andfGQ/a ='0.343 x 10_2, cdrrés?onding to 161.2 eV

FWHM. Using the value of N we had for the SPD, above for 20 KeV particle -

energy, we get the energy per charge carrier w = 0.068 eV as compared
to W, =2.94eV. !

If our assumptions and calculations above, based on the hypothetical "
'Héat-sink Chip' type superconductive particle detector are correct, then -
the SPD is a practical device, an improvement. over the‘currently available
detectors. It may be of use in the spectrometry of X-rays in the range -
100 eV to 20 KeV say, where the statistical noise is smaller and the

inherent noise (11.3 eV) would be dominant.
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CHAPTER EIGHT
'CONCLUSIONS

Principal Results from the Present Work

The 51gna1 current pulse through a superconductlve tunnelling
Jumct1on resultlng from the 1mpact of an a-particle on the Junctlon
(deposited.on a glass- -substrate) was found to be nearly entirely due to
the subsequent rise in temperature of the Junctlon area near the impact
point, increasing the qu351part1c1e den51ty and thus the‘tumnelling
‘current in that area,._Numerlcal calculations based upon this mechanism
for junction signal-current production, and upon classical heat-diffusion;
gave signal-voltage waveforms resembling observed signal voltage wave-b
forms (C.f. Ch. 6 Fig.'o). This-approach also predicted that for a
f1n1te area junction on a glass substrate an output pulse amplltude
distribution (for a monoenergetic source of a—part1cles of energy 5.13
AMeV) would have no. lines or peaks A pulse- amp11tude dlstrlbutlon W1th
. a rap1d decrease in pulse den51ty (per unit energy) w1th increasing
‘ energy, followed by a plateau region and a sharp high amplltude cut off
was predicted (C.f. Flg. 3.15, 3.16). A very similar amp11tude |
d1str1but10n was exper1menta11y observed ' Based on the agreement of
‘theory and experlment we can conclude w1th reasonable conf1dence thatd
thermal—model for the productlon of Junctlon signal-current is. va11d

The parameter BA was used in studylng superconductlve tunnelllng '
junctlon characteristics. The results were thus appllcable to super-

conductlve tunnelling Junct1ons -made with any superconductor The
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derived theoreticalperpressions‘for junction characteristiCS'were:
- verified for SS juncﬁicns bf erperimental data, thus the theoretical
predictions based on these erpressions should‘he valid. The.main
theoretical_results aré that an optimUm‘BA ualue exist for a specified '
Junctlon capac1tance CJ and bandw1dth of the expected signal, Af thls

J

associated with the Junct1on is proportional to A. From these results -

value be1ng BA v 6 for C, = 1500 pf and Af = 106_Hz,:and that noise power.

we conclude that for the best signal to noise ratio we select the_iowest
A such that at the‘optimum BA value for the junction, the corresponding
temperature is obtainable.experimentally. The theoret1ca1 expre551ons
for NS junctions were not verified experlmentally, but these were based
on well accepted theoret1cal der1vat1ons (for example I. GIAVER, ref. 2.1).
‘The theoret1ca1 comparlson between SS and NS Junctlons showed
conc1u51ve1y that SS junctions are better for use as superconductlre
particle detectors for bandwidth < 10 Hz .

Experlmentally, a-particle induced signal pulses Were'observed with
Sn and Pb junctions.- For the Sn junction R67SlJ3‘using the room
_temperature preamplifier‘(c.f. Ch. 5), the maximum junCtion signai
- voltage amplltude was 29.9 uV, and the measured equivalent 1nput n01se
was 3.3 uV RMS correspondlng to a SNR of 9.06. _Usang the transformer—_
':1nput low temperature preamplifier a signal to noise“ratio of.zg;g_wasr
observed for Pb junctien R14852J2 and a SNR of.ig;g_for.the Sn:v
junction R164SIJS, sufficient to give‘a resclution of n 128 KeV'line—.
width if a line- type pulse amplltude dlstrlbutlon were present W1th the
5. 13 MeV a- partlcles used as mentloned above no lines or. peaks were

present in the pulse amplrtude spectrum. Based on the agreement between
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theory and observations we can be reasonably confident that the physical
phenomena assoc1ated with a—partlcle induced signal-current in the .

superconductlve,part;cle—detector are understood.

Expected Performance of Superconductive Particle Detectors

The glass-substrate type S.P.D. because of the finite junctioh-size
effect (detailed in Chapter 3) cannot give a lihe4type spectrum. . In
addition, the 'angle-effect! fﬁrther smears out ‘the expected sharp
high-energy cut off for normally incident partlcles if the particle
penetrates deeply into the substrate - Thus the glass-substrate type .
S.P.D. is of no pract1ca1 value as a partlcle energy spectrometer.

Based on the understanding of the origin of the junction signal- cﬁrrent

a theoretically superior ‘type of S.P.D. is proposed, the;Heat-sink chip:
type. This type has not yet fabricated, however, based on the geometry'h

of the S.P.D. and our theoret1ca1 understandlng we can calculate the Slgnal—»
" current waveform of this type analytlcally, ‘the detailed derlvatlons are.
included in Chapter 7. Forhan Al'Alzos"Al junction operated_at 074 K junction
temperature (using a He3 cryogenic system) the inherent noise for the S.P.D;
was estimated to‘correspond to‘<11t3eV, energy resolution and the3energy per
charge carrier (per electronic charge) w=0.068eV (see Ch 7). For compar1son

the best partlcle energy spectrometers avallable at present are. 11th1um drifte

germanlum junction detectors which have an inherent noise.m 115 ey(reff
1'S)and energy per'charge-carrier w = 2.94 ev. Thus used with a low
noise preampllfler like the superconductlve ampllfler of Ref 5 7., the

heat-sink chip type S.P.D. promlses to be an 1mprovement over ex1st1ng

particle energy spectrometers in the studies of low energy (<10 kev)
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particles and X—rayé.

Future work‘ ‘

As estimated above the heat-sink chip type of S.P.b. should be a
useful device in:fhe spectrometry of low energy particlesiahd X-Tays.
Actual samplea of this proposede.P.D; must be fabricated to verify the
estimates. Further improveﬁents are theoretically possible with the use
of lower temperatores and-lower energy‘gap'superconductors for the
tunnelling-junctions, (the'lower temperatures to be reached with a
He3 dilution refrigerator) To fully realize the potential of the S.P.D.,
superconductlve preampllflers mentloned above ‘should be 1nvest1gated and
developed. Technlcally it should be p0551b1e to fabrlcate both dev1ces
simultaneously in the same fabrication run. ,A‘conventlonal semlconductor
low temperature amplifier may he_used with the superconductivehpreampiifier‘
sfage,'if necessary, before feeding the sigﬁal'out'of the.cryostatr’ It
would be necessary to separate the He gas froﬁ fhe S:P.D: (using‘a cold ;
finger)»tOPrevent loss of resolutionidoe to scatteriné of the»particle by_
the gas. As the proposed S.P. D uses an Al- A1203-A1 tunnel junction, the p
-Toom temperature degradatlon and thermal cycllng degradatlon problems
may not exist, as these Junctrons are known to be durable, however,
should there be such problems then this .is anotherparea of possible’

improvements.



- 189 -

' APPENDIX 5.1

' For low bias magnetic fields current steps can occur in S.T.J. I.V..
Charaeteristics due to Josephson,'effect; (Fig.i) If the junction>is
‘biased near this current step then the current rise produced by a partlcle
impact would cause the voltage across the junction to change less than
otherwise, that 1s, the voltage change is 'clipped' by the current step.
'This clipping causes an increase in the number of pulses with amplitude
equal to the difference between the bias point voltage and the voltage at
the current step, thus producing a 'false' peak in the kick-sorter record
(F1g 2). This must obv1ously be prevented if the STJ-1s to‘he used as a

particle energy spectrometer. -
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FIG. 2. OBSERVED FALSE-PEAK EFFECT DUE TO CLIPPING FOR JUNCTION
R164S1J5.
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